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—SUMMARY 

This  report  summarizes  results  of  hydrocarbon  fuel  performance  studies 
carried  out  by  Phillips  Petroleum  Company  for  the  Bureau  of  Naval  Weapons  under 
Contract  NOw  63-0406-d  during  the  one  year  period  from  April  1,  1963  through 
March  31,  1964.  The  primary  effort  was  an  experimental  investigation  to  deter¬ 
mine  whether  the  maximum  sulfur  content  of  0.4  weight  per  cent,  currently  allowed 
in  grade  JP-5  aviation  turbine  fuel,  is  a  safe  level  for  protection  of  the  super- 
alloys  used  in  high  performance  engines  when  operated  in  a  marine  environment. 

A  second  phase  dealt  with  the  effect  of  fuel  molecular  structure  and  volatility 
on  the  total  radiant  energy  from  combustor  flames,  which  by  contributing  to  the 
operating  temperature  of  hot  section  components  limits  aircraft  turbine  engine 
power  and  durability. 

In  preliminary  tests,  five  superalloys,  typical  of  those  used  for 
turbine  blades  and  guide  vanes,  were  exposed  to  temperature-velocity-pressure 
conditions  simulating  take-off  operation.  It  was  shown,  in  a  twelve  hour  dura¬ 
tion  test  using  a  fuel  containing  one  weight  per  cent  rrlfur,  that  the  presence 
of  "sea  salt",  at  a  level  of  15  parts  per  million  in  the  combustor  air,  greatly 
increased  hot  corrosion. 

Xn  tho  major  program,  specimens  of  Inconel  and  Sierra  Metal  200 

were  exposed  to  vitiated  air  from  the  Phillips  2-inch  combustor  at  2000  F,  a 
pressure  of  15  atmospheres  and  a  velocity  of  500  ft/se?  during  five  hour  cyclic 
tests.  A  statistically  designed  program  was  used  to  evaluate  the  effects  on 
metal  losses  and  changes  in  tensile  properties  of  three  sulfur  concentration 
levels  in  fuel  (0.0002,  0.040  and  0.40  weight  per  cenl  )  at  three  "sea  salt"  con¬ 
centrations  in  the  air  (zero,  1.50  and  15.0  parts  per  million)  and  also  any 
sulfur  x  "sea  salt"  interaction. 

Both  superalloys  showed  good  resistance  to  oxidation  and  erosion  in 
the  absence  of  sulfur  and  "sea  salt".  There  was  little  or  no  evidence  of  sulfur 
corrosion  in  the  absence  of  "sea  salt".  Catastrophic  "sea  salt"  corrosion  was 
encountered  by  both  superalloys  in  some  instances.  A  significant  sulfur  x 
"sea  salt"  interaction  was  shown  for  both  superalloys;  but,  while  hot  corrosion 
of  Inconel  713C  was  accelerated,  hot  corrosion  of  Sierra  Metal  200  was  inhibited. 

(Continued) 
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Decreasing  sulfur  concentration  in  fuel,  from  the  current  JP-5 
sped! ication  of  0.40  to  0.040  weight  per  cent,  did  not  reduce  "sea  salt" 
corrosion  significantly.  However,  the  complex  interaction  found  with  ingested 
"sea  water"  Joes  not  allow  for  a  recommendation  as  to  the  maximum  sulfur  limit 
In  JP-5.  without  additional  data.  It  is  recommended  that  this  study  be  extend¬ 
ed  to  include  additional  superalioys,  evaluated  over  a  range  in  exhaust  gas 
temperatures . 

In  supplementary  tests,  characteristic  sulfidation  attack  on  Inconel 
7130  was  identified  only  at  temperatures  below  the  freezing  point  of  sodium 
sulfate  (1623  F).  At  higher  temperatures,  where  test  specimens  were  no  longer 
covered  by  a  heavy  sodium  sulfate  scale,  the  mechanism  of  attack  appeared  to  be 
more  one  of  gross  oxidation.  Catastrophic  rates  of  "sea  salt"  corrosion  at 
2000  F  were  not  reduced  by  the  substitution  of  sodium  chloride  to  obtain  an 
essentially  sulfur-free  environment. 

In  the  second  phase  of  these  performance  studies,  measurements  were 
made  of  total  radiant  energy  from  flames  of  a  series  of  pure  hydrocarbons, 
varying  widely  in  molecular-structure  and  boiling  point.  The  hydrocarbons 
were  burned  in  the  Phillips  Microbumer  which  simulates  th'  high  intensity, 
turbulent  diffusion  type  combustion  process  of  an  aircraft  turbine  engine. 
0pera> Ion  was  over  a  broad  range  of  fuel-air  mixtures  at  atmospheric  pres¬ 
sure. 


The  Microburner  tests  did  not  differentiate  among  hydrocarbons  (in¬ 
cluding  all  of  the  normal-  and  iso-paraffin3 ,  the  mono-  and  bi-cycloparaffins 
and  the  straight  and  branch  chain  olefins)  having  hydrogen  contents  above  aocut 
13  weight  per  cent,  heats  of  combustion  above  about  18,200,  Luminometer  Numbers 
above  about  40  and  ASTM  Smoke  Points  above  about  20  mm.  At  lower  values,  the 
total  radiant  energy  increased  rapidly  with  decrease  in  these  properties.  The 
hydrocarbons,  other  than  those  listed  above,  were  rated  in  the  following  order 
of  increasing  flame  radiation:  the  cycloolefins,  tetracyclododecane,  tetralin 
and  the  alkylbenzenes ,  benzene  and  3tyrene,  and  methylnaphthalene. 

The  results  also  show  that  fuel  volatility  was  not  a  significant  factor 
under  the  test  conditions. 

The  correlations  of  fuel  properties  with  flame  radiation  in  the 
Microbumsr  are  compared  with  available  information  on  flame  radiation  in  the 
Phillips  2-inch  combustor,  and  the  J-57  and  J-79  aviation  turbine  engine  combus¬ 
tors,  operated  at  5  atmospheres  pressures.  In  contrast  to  the  lack  of  differ¬ 
entiation  by  the  Microbumer  among  fuels  having  hydrogen  contents  above  about 
13  weight  per  cent,  flame  radiation  in  the  2-inch,  J-57  and  J-79  combustors  is 
a  linear  function  of  hydrogen  content  ov' r  the  entire  range  investigated. 

It  is  concluded  that  the  effect  of  hydrocarbon  structure  on  flame 
radiation  changes  with  ccmbustor  operating  pressure.  Therefore,  measurements 
of  the  relative  burning  quality  of  aviation  turbine  fuels  should  be  made  at 
the  pressure  levels  of  interest,  rather  than  at  atmospheric  pressure.  Continua¬ 
tion  of  these  studies,  using  Phillips  2-inch  combustor  operated  at  pressures  up 
to  15  atmospheres,  is  recommended. 
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EFFECT  OF  JP-5  PROPERTIES  ON  HOT  GAS  CORROSION  AND  FLAME  RADIATION 

I.  INTRODUCTION 

A.  HOT  CORROSION 


1 .  Gas  Turbine  Egging  Operation  In  Marina  Environment 

In  the  past,  the  0.4  weight  per  cent  of  sulfur  allowed  in  grade 
JP-5  aviation  turbine  fuel  has  not  accelerated  the  corrosion  of  engine  hot 
section  parts  significantly.  The  concentration  of  sulfurous  gases  in  the 
combustor  exhaust  stream  has  not  been  high  enough,  under  the  oxidizing  condi¬ 
tions  and  at  the  temperatures  prevailing,  to  result  in  sulfidation  of  turbine 
blades.  The  chromium  content  of  the  nickel-base  alloy?-  involved,  which  aids 
the  superalloy  in  resisting  attack  by  oxygen  and  sulfur,  has  been  near  20  per 
cent  and  operating  temperatures  have  not  exceeded  1700  F. 

Continued  development  of  the  aircraft  turbine  engine,  to  decrease 
specific  fuel  consumption  and  increase  specific  power,  has  required  the 
development  of  new  alloys  to  permit  higher  cycle  temperatures .  Engines  of 
advanced  design  are  operating  now  with  turbine  inlet  gas  temperatures  of 
2100  F.  These  new  alloys  are  characterized  by  a  reduction  of  chromium  content 
to  near  10  per  cent  in  order  to  increase  the  concentration  of  high  temperature 
strengthening  elements.  While  their  resistance  to  oxidation  appears  satisfac¬ 
tory,  reports  of  accelerated  corrosion  by  sulfidation  must  be  evaluated  care¬ 
fully  by  the  Navy. 

Catastrophic  corrosion  of  nickel-base  alloys  having  low  chromium 
content  has  been  encountered  where  operation  has  been  over  or  near  the  sea 
(1,  2).  Traces  of  sodium  sulfate,  a  major  constituent  of  sea  salt,  has  been 
detected  on  corroded  turbine  blades.  It  has  been  possible  to  reproduce  the 
essential  features  of  the  attack  on  the  new  type  superalloys  in  laboratory 
tests  by  exposure  to  "sea  salt". 

Required  aircraft  operational  patterns  exclude  control  over  sea  water 
and  sea  salt  ingestion  by  the  engine.  However,  other  approaches  to  limiting 
sulfidation  of  hot  section  components  are  being  investigated  by  the  Navy.  The 
use  of  transpiration  air  cooled  turbine  blades  has  been  suggested  as  a  design 
approach  to  lower  metal  operating  temperatures  (3) .  Another  approach  might  be 
the  use  of  fuel  of  low  sulfur  content  to  reduce  the  concentration  of  sulfurous 
gases  (4). 
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Changes  in  metallurgy  to  improve  corrosion  resistance  do  not  appear 
promising,  since  they  would  lose  the  physical  properties  which  made  a  desirable 
structural  material  in  the  first  dace.  However,  the  application  of  suitable 
protective  coatings  to  resist  attack  by  corrosive  materials  is  being  vigorously 
pursued,  with  much  promise  (5).  Perhaps  suitable  coatings  of  a  self-healing 
nature  might  be  made  by  the  U3e  of  proper  fuel  additives,  as  has  been  the 
practice  with  industrial  gas  turbine  engines  operating  on  residual  fuels. 

Such  a  feature  would  be  of  great  value,  for  even  under  the  best  circumstances 
coatings  are  susceptible  to  random  defect  failures  and  reliability  remains  a3 
the  major  problem  confronting  the  user.  The  perfection  of  a  self-healing  coat¬ 
ing  system  might  allow  the  use  of  rsfractory-metal-base  alloys  operable  at 
temperatures  near  3000  F. 

2.  Hot  Corrosion  of  Superalloys 

Superalloys  (nickel-chrcanium-cobalt  base  with  smaller  amounts  of 
aluminum,  titanium,  cciumbium,  molybdenum,  etc.)  have  been  developed  for  service 
in  oxidizing  atmospheres  at  temperatures  near  2000  F.  Their  superior  physical 
properties  are  required  by  aircraft  turbine  engines  for  hot  section  components, 
such  as  rotating  turbine  blades,  where  mechanical  and  thermal  stresses  are  at 
a  maximum.  Their  resistance  to  oxidation  damage  results  from  the  growth  of 
stable  adherent  metal  oxdde_scales;  therefore,  these  parts  do  suffer  from  oxi¬ 
dation  damage,  but  it  i3  usually  not  significant  until  after  hundreds,  or  even 
thousands,  of  hours  of  operation. 

Under  the  oxidizing  conditions  existing  in  the  hot  section  of  an  air¬ 
craft  turbine  engine,  sulfur  attack  is  normally  no  more  severe  than  oxygen  attack 
due  to  the  formation  of  a  surface  oxide  film  on  the  alloy  (6).  However,  the 
deposition  of  ash  from  the  air  or  fuel  opens  the  way  for  catastrophic  rates  of 
sulfidation,  associated  with  the  fluxing  action  of  molten  phases  formed  on  the 
surface  of  the  metal  structure  (7,  8,  9,  10).  A  common  source  of  ouch  deposits 
is  sea  salt,  which  is  rich  in  sodium  sulfate.  The  deposits  may  serve  to  collect 
and  concentrate  sulfur,  which  is  normally  present  in  harmless  concentrations  in 
the  exhaust  gas,  and  convey  it  to  the  metal  surface  beneath  the  deposit. 

There  is  no  generally  satisfactory  solution  to  this  problem  short  of 
remove]-  of  the  molten  phase  from  contact  with  the  metal.  With  operation  in  a 
marine  environment,  it  is  not  usually  feasible  to  prevent  the  ingestion  of  sea 
water  and  sea  salt.  The  alternate  has  been  to  keep  the  temperature  below  the 
fusion  temperature  of  the  predominantly*  .sodium  sulfate  deposit,  or  to  use  an 
alkaline  earth  additive  to  raise  fusion  temperature  above  the  temperature  of 
operation . 

3.  Review  of  Previous  Work  by  Phillips  Petroleum  Company 

Limited  investigations  of  the  effect  of  fuel  sulfur  on  "hot  section" 
durability  of  aircraft  turbine  engines  have  been  conducted  by  Phillips  Petroleum 
Company  working  under  U.  S.  Navy  Bureau  of  Naval  Weapons  Contracts  NOas  58-310 -d, 
NOas  60-6009-c,  NOw  6l-0590-d  and  N600( 19) -58219  (11,  12,  13,  U).  Much  of 
this  -fork  has  been  summarized  in  a  paper  presented  to  the  Institute  of  Petroleum 
(15 )  •  •  •  *  In  addition,  a  small  amount  of  exploratory  work  was  conducted  during 
the  first  quarterly  period  of  the  present  Contract  NOw  63-0406-d  (16).  These 
investigations  have  shewn  that: 
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1.  The  form  in  vhich  sulfur  exists  in  the  fuel  (i.e.,  organic  sulfur  compound 
type)  is  unimportant  to  hot  corrosion  as  compared  to  the  gross  sulfur  con¬ 
tent  of  the  fuel. (11,  12' 

2.  The  extent  of  sulfidation  is  a  linear  function  with  time,  indicating  that 
its  mechanism  is  not  diffusion  controlled  by  a  coherent  barrier  layer  of 
scale.  (11,  12,  13,  14,  15,  16) 

3.  The  aromatic  content  of  the  fuel  (0  to  25  per  cent)  had  no  measurable  effect 
on  hot  corrosion  rates  indicating  that  variations  in  exhaust  gas  soot 
content  and  flame  radiant  heating  at  high  pressure  were  not  significant . (lo) 

4.  The  relative  rates  of  hot  corrosion  for  a  group  of  superalloys  at  atmospheric 
pressure  did  not  correlate  with  rates  obtained  at  high  pressure,  indicating 
that  sulfidation  reactions  are  pressure  dependent  and  vary  with  alloy 
composition.  (14) 

5.  Sulfur  had  little,  or  no,  effect  on  hot  corrosion  -  in  the  absence  of  "sea 
salt*'.  (15) 

6.  "Sea  salt1  accelerated  hot  corrosion  at  high  temperatures  1600  to  2000  F,  but 
had  no  effect  at  1350  F.  (13,  16). 


4.  Contract  NOw  63-0406-d 

An  experimental  investigation  of  the  corrosion  by  hot  gases  of  modem 
superalloys  used  in  aircraft  turbine  engines  of  advanced  design  was  conducted  by 
Phillips  Petroleum  Company  during  the  third  quarterly  period,  October  through 
December  1963,  of  U.  S.  Navy  Bureau  of  Naval  Weapons  Contract  NOw  63-04.06-d. 
Coupons  of  alxminum-titanium-hardened  nickel- chromium-base  alloys  were  exposed 
bo  high  velocity  gases,  at  high  temperature  and  high  pressure,  to  evaluate  the 
effect  of  the  latter's  sulfur  and  "sea  salt"  content. 

This  study  was  made  to  determine  whether  the  maximum  sulfur  limit  of 
0.4  weight  per  cent,  currently  allowed  in  grade  OP-5  aviation  turbine  fuel,  is 
a  safe  level  for  the  protection  from  hot  corrosion  of  turbine  blade  alloys  used 
in  advanced  engines  when  operating  in  a  marine  environment.  If  not,  informs.  on 
was  sought  to  show  whether  a  reduction  in  the  sulfur  limit  for  JP-5  would  allevi¬ 
ate  hot  corrosion  significantly. 

The  use  of  oversimplified  test  methods,  such  as  furnace  exposure  to 
high  temperature  or  torch  exposure  to  high  temperature  and  high  velocity,  does 
not  provide  exposure  to  the  full  range  of  variables  encountered  in  actual  service 
While  a  limited  amount  of  such  data  are  available  from  the  literature  (4,  6,  7, 

8,  9,  10),  they  cannot  be  accepted  with  confidence. 

A  more  restrictive  limitation  on  the  amount  of  sulfur  allowed  in  JP-5 
carries  with  it  the  certainty  of  decreased  availability,  and  the  potential  of 
increased  coat.  The  former  can  be  very  important  in  the  event  of  &  national 
emergency,  while  even  a  small  increment  in  the  latter  can  amount  to  a  substantial 
sum  because  of  the  large  volumes  involved. 
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Therefore,  this  investigation  (17)  was  carefully  designed,  using  a 
high-pressure  burner  rig  to  obtain  exposure  of  superalloy  test  specimens  to 
conditions  closely  simulating  those  prevailing  in  service. 

For  maximum  severity  of  test  conditions,  a  high  compression  ratio 
aviation  turbine  engine  operating  at  sea-level  take-off  conditions  was  simulated. 
The  superalloy  test  specimens  were  exposed  to  the  exhaust  gas  from  a  combustor 
operated  at  the  following  conditions: 

1.  Combustor  inlet  temperature  of  1000  F. 

2.  Combustor  pressure  of  15  atmospheres. 

3.  Combustor  exhaust  gas  temperature  of  2000  F. 

4.  Combustor  reference  velocity  of  200  ft/sec. 

5.  Cyclic  operation  each  hour,  with  55  minutes  at  temperature. 

A  statistically  designed  test  program  (18)  was  conducted  to  show  whether  the 
concert ration  of  sulfur  in  the  fuel  accelerated  "sea  salt"  corrosion  significantly. 
The  extent  of  hot  corrosion  was  based  on  evaluation  of: 

1.  Test  specimen  weight  loss. 

2.  Deterioration  in  test  specimen  tensile  properties. 


B .  FLAME  RADIATION 


1.  Gas  Turbine  Durability 

An  inherent  conflict  exists  in  the  combustion  chamber  of  all  gas  turbine 
engines,  between  their  maximum  structural  temperature  and  the  flame  which  they 
must  contain.  If  chemical  equilibrium  were  attained  during  the  constant  pressure 
combustion  process,  and  hydrocarbon-air  mixtures  were  in  the  neighborhood  of 
stoichiometric,  the  thermal  environment  would  be  near  4000  F.  Somewhat  lower 
temperatures,  3000  -  3500  F,  are  usually  indicated  in  actual  practice.  However, 
the  materials  presently  available  for  fabrication  of  combustion  chambers  must 
operate  at  much  lower  temperatures  if  rapid  failure  is  to  be  avoided.  Clarke 
and  Jackson  (19)  indicate  that  metal  operating  temperatures  of  900  -  1300  F, 
with  peaks  up  to  1700  F,  are  commensurate  with  the  usual  desired  combustor  life. 
Droegsmueller  (4)  cites,  as  a  typical  example,  a  50  per  cent  reduction  in  the 
fatigue  life  of  a  combustor  by  a  metal  temperature  increase  of  25  F.  Therefore, 
provision  must  be  made  for  the  cooling  of  combustion  chamber  parts  and  control 
must  be  exercised  over  the  heat  transfer  variables  of  the  flame. 

For  consideration  of  the  heat  transfer  processes,  we  may  regard  the 
combustion  chamber  simply  as  two  concentric  containers.  Compressed  air  enter* 
the  annular  space  between  the  outer  case  and  the  inner  flame  tube.  The  later  has 
suitably  spaced  holes  through  which  the  air  is  fed  to  the  flame  contained  therein. 
The  hot  combustion  products  are  diluted  with  excess  air  to  reduce  their  temperature. 
Thus,  the  flame  tube  receives  heat  from  the  hot  gases  inside  it  by  convection  and 
radiation,  and  loses  haat  by  radiation  to  the  outer  case  and  by  convection  to  the 
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surrounding  annulus  air.  However,  the  flame  tube  is  largely  protected  from 
the  searing  heat  of  the  combustion  gases  by  direction  of  a  film  of  cooling  air 
over  its  inner  surface.  This  limits  convective  heating,  but  leaves  radiant 
heating  from  the  flame  as  a  major  contributor  to  the  equilibrium  temperature 
attained  by  the  flame  tube. 

Aircraft  turbine  engine  development  has  involved  a  steady  increase  in 
combustor  inlet  air  temperature.  Engines  of  advanced  design  are  operating  now  with 
combustor  inlet  air  temperatures  cf  900-1300  I  .  It  is  pertinent  to  point  out 
that  this  represents  the  "sink"  temperature  for  cooling  of  combustor  parts, 
and  that  it  equals  the  maximum  metal  temperature  commensurate  with  the  usual 
deeired  combustor  iife.  Thus,  it  is  clearly  no  longer  feasible  to  maintain 
flame  tube  temperatures  at  desired  levels .  This  situation  requires  that  flame 
radiation  be  minimized  to  obtain  acceptable  gas  turbine  durability. 

2.  Control  of  Soot  Formation 


The  total  radiant  energy  (W)  fr  a  a  flame  is  a  function  of  its  tempera¬ 
ture  (T),  area. (A)  and  emissivity  (e);  ana  in  accordance  with  the  Stef an -Boltzmann 
Law,  W  *=<S  e  At*,  where  <r  is  the  Stefan-Boltzmann  Constant.  While  all  of  these 
variables  are  affected  by  the  design  of  the  combustion  chamber,  they  also  are 
affected  by  the  molecular  structure  of  the  h-'drocarbon  fuel.  There  appears  to 
be  no  reason  to  expect  significant  improvements  in  ccmbustor  design  which  will 
reduce  flame  radiation.  Rather,  the  increasing  severity  of  operating  conditions, 
resulting  frem  higher  pressures  and  temperatures,  will  increase  flame  temperature 
and  emissivity.  Therefore,  the  possibilities  for  relief  by  fuel  selection 
must  be  carefully  evaluated. 

Generally,  the  heat  transfer  variables  of  flame  temperature,  area 
and  emissivity  tend  to  decrease  in  value  with  the  increasing  hydrogen  content 
of  the  fuel.  However,  much  of  the  literature  concerning  the  effect  of  fuel 
composition  appears  to  be  unsatisfactory  because  of  careless  and  superficial 
use  of  concepts  connected  with  the  measurement  of  flame  radiation  (20).  Of 
principal  concern  has  been  The  formation  i  f  soot  particles  in  flames,  which 
superimposes  a  continuum  upon  the  molecul  r  spectrum  to  produce  the  familiar 
yellow  luminosity. 

The  mechanism  of  soot  formation  .n  hydrocarbon-air  flame  is  not 
fully  understood.  However,  the  importanc-.  of  the  molecular  structure  of  the 
fuel  is  well  known.  This  can  be  illustra4  ad  by  considering  the  significant 
reactions  as  competitive  oxidation  and  de? jdrogenation  processes.  'Die  hydro¬ 
carbon  molecule  can  either  (a)  fragment  J  o  oxides  of  carbon,  or  (b)  polymerize 
to  large  polybenzenoid  structures  (soot).  The  greater  the  hydrogen  content  of 
the  fuel  molecule,  the  greater  the  altera  ion  in  structure  that  la  required 
before  condensation  can  take  place,  and  t!  e  more  likely  that  oxidation  will 
prevent  soot  formation.  Admittedly  this  3  an  oversimplified  picture  of  soot 
formation,  but  the  indications  are  clear  hat  lower  flame  emissivities  will 
be  obtained  with  higher  hydrogen  content  uels  (21). 

A  critical  analysis  has  been  ma  e  of  current  test  methods.  Smoke 
Point  and  Lumincmeter  Number,  used  for  evaluation  of  the  burning  quality  of 
hydrocarbon  fuels  i’or  aircraft  turbine  enf  ines  (21).  Both  are  performance 
tests  in  which  a  sample  of  fuel  is  burned  in  a  wick  lamp  to  determine  its 
relative  eoot  forming  tendency.  Unfortun;  tely,  the  laminar  flow  diffusion 
flame  of  the  wick  lamp  differs  appreciably  from  the  highly  turbulent  combustion 
process  in  an  aircraft  turbine  engine.  Differences  in  the  mechanism  of  soot 
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formation,  as  evidenced  by  the  effect  of  hydrocarbon  structure,  are  significant. 

nis  could  result  in  undue  emphasis  being  placed  upon  the  attainment  of  a  fuel 
proporty ,  such  as  very  high  Luminometer  Number,  from  which  no  improvement  in 
gas  turbine  durability  would  accrue. 

It  is  well  known  that  pressure  favors  the  formation  of  soot,  which 
usually  escapes  from  the  flame  as  exhaust  smoke  during  take-off  operation 
where  pressure  is  at  a  maximum.  The  resultant  high  flame  emissivities  occur 
under  already  adverse  conditions,  for  high  pressure  operation  is  associated 
with  high  combustor  chamber  inlet  air  temperatures  and  high  flame  tube  collapse 
loads.  Therefore,  to  be  relevant,  ratings  of  the  sooting  tendency  of  aviation 
turbine  fuels  must  apply  to  the  critical  high  pressure  operating  conditions. 

Studies  of  total  radiant  energy  from  combustor  flames  at  pressures 
of  1  -  15  atmospheres  by  5/trcets  (22)  have  indicated  that  atmospheric  pressure 
devices  do  not  adequately'  describe  the  flame  radiation,  and  hence  flame  tube 
durability,  performance  of  fuels  at  high  combustor  pressures.  This  may  be 
explained  in  part  by  studies  of  the  sooting  tendency  of  premixed  flames  at 
pressures  of  1  -  20  atmospheres  reported  by  Macfarlane  and  Holderneee  (23). 

Their  data  indicate  that  soot  formation  in  general  has  approximately  a  pressure 
cubed  dependence,  but  that  it  can  vary  from  about  to  P°  with  differences  in 
hydrocarbon  structure. 

Thus,  it  seems  that  there  are  (a)  fundamental  differences  in  the 
mechanism  of  soot  formation  in  the  diffusion  flame  of  the  wick  lamp  used  in 
present  specification  test  methods  and  in  the  turbulent  diffusion  combustion 
process  of  gas  turbine  engines,  which  are  (b)  further  complicated  by  differ¬ 
ences  between  hydrocarbon  structures  in  the  pressure  dependence  oi  their  soot 
forming  reactions.  Further  work  to  establish  the  relationship  between  the 
molecular  structure  of  hydrocarbon  fuels  and  flame  radiation  in  turbulent 
diffusion  combustion  systems  is  required. 

3.  Review  of  Previous  Work  by  Phillies  Petroleum  Company 

Investigations  of  various  aspects  of  flame  radiation  from  aviation 
turbine  fuels  have  been  conducted  during  the  past  ten  years  by  Phillips  Petroleum 
Company  working  under  U.  S.  Navy  Contracts  NOas  52-132-c,  NOaa  58-310-d, 

NOw  6l-0590-d  and  N600(19) -58219.  Host  of  this  work  has  been  sunmarized  in 
the  following  papers  and  special  reports: 

(a)  Early  work  to  establish  the  spectral  characteristics  of  radiant  energy 
from  gas  turbine  combustor  flames  at  pressures  from  1-15  atmospheres 
for  paraffinic  and  aromatic  hydrocarbons  was  detailed  in  a  special  report, 
which  later  was  presented  as  a  paper  to  the  American  Chemical  Society  (24). 

(b)  Subsequent  studies  of  the  effect  of  flame  radiation  on  combustor  durability 
at  high  operating  pressures  were  sunmarized  in  a  special  report  (25). 

(c)  An  investigation  of  the  effect  of  aromatic  type  and  aromatic  content  in 
grade  JP-5  aviation  turbine  fuel  on  flame  radiation  was  discussed  in  a 
paper  presented  to  the  Society  of  Automotive  Ehgineers  (2A). 

(d)  Experience  accumulated  during  these  studies  and  pertinent  to  the  measure¬ 
ment  of  total  radiant  energy  from  gas  turbine  combustor  flames  was  reviewed 
in  a  paper  presented  to  the  Society  of  Automotive  Engineers  (20) . 
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In  aadttis  i  ,  an  ot'iurt  has  beer:  made  to  correlate  and  interpret  available  measure¬ 
ments  ct‘  flame  radiation  from  gas  turbine  combustors  to  indicate  the  effect  of  fuel 
compositi'  n  (27),  arid  a  critical  analysis  ha3  been  made  of  current  test  methods 
used  for  evaluation  of  the  burning  quality  of  aviation  turbine  fuels  (21). 


(a) 


(b) 


(c) 


(d) 

(e) 


(f) 


(?) 


(h) 


(i) 

(3) 

(k) 

(l) 


Some  of  the  more  pertinent  findings  of  these  investigations  are 

The  spectral  distribution  of  the  radiant  energy  from  gas  turbine  ml ustor 
flames  varies  with  operating  conditions  and  fuels.  Black  body  r  ition 
is  approached  with  increasing  pressure  and  decreasing  fuel  hydro*,  .  content. 

(24,  20,  27) 

There  is  no  significant  correlation  between  measurements  of  total  radiant 
energy  from  gas  turbine  combustor  flames  and  their  luminosity;  i.e.,  visible 
radiation.  (26,  27) 

Measurements  of  total  radiant  energy  from  gas  turbine  combustor  flames 
should  include  the  infrared  spectral  region  through  5  microns  to  obtain 
reliable  data.  This  can  be  accomplished  by  the  use  of  sapphire  optical 
materials  and  a  suitably  calibrated  total  radiation  pyrometer.  (24,  20) 

Emissivities  of  gas  turbine  combustor  flames  can  vary  from  0.03  f°r  non- 
luminous  flames  to  nearly  one  for  luminous  flames.  (24.,  20,  27) 

The  energy  transferred  by  radiation  from  the  flame  to  the  exposed  hot  section 
parts  in  a  gas  turbine  can  represent  as  much  as  10  per  cent  of  the  total  energy 
released  in  the  combustion  process.  (24) 

Calculated  estimates  indicate  that  flame  radiation  may  contribute  30-80 
per  cent  of  the  total  heat  flux  at  the  exposed  surface  of  the  flame  tube  in 
a  gas  turbine  combustor.  (22,  26) 

There  is  a  linear  correlation  between  flame  radiation  and  liner  temperature 
in  gas  turbine  combustors.  Changes  in  flame  tube  operating  temperature  of 
about  400  F  can  result  from  variations  in  fuel  burning  quality.  (26,  27) 

Radiant  heating  of  hot  section  parts  in  a  gas  turbine  engine  may  vary  with 
location  because  quenched  combustion  products  can  effectively  absorb  flame 
radiation.  This  may  reverse  expected  benefits  at  down-stream  locations  from 
higher  burning  quality  fuels.  (20,  25,  26,  27) 

Differences  in  flame  radiation  between  fuels  may  be  small  at  low  combustor 
operating  pressure,  increase  with  pressure  until  flame  emissivities  of  one 

are  approached,  and  decrease  at  higher  pressure.  (24,  27) 

Polycyclic  aromatic  fuel  blends  bum  with  higher  flame  emissivities  in  gas 

turbine  combustors  than  monocyclic  aromatic  fuel  blends  of  comparable  ASTM 

Smoke  Point.  (26) 

No  significant  reduction  in  flame  radiation  or  flame  tube  temperature  in  gas 
turbine  combustors  resulted  from  the  use  of  fuels  having  Luminometer  Numbers 

abc'/e  100.  (26,27) 

There  is  a  linear  correlation  between  measurements  of  total  radiant  energy  from 
gas  turbine  combustor  flames  and  the  hydrogen  content  of  hydrocarbon  fuels.  (21) 
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4.  Contract  NOv  63-0406-4 

As  a  result  of  the  critical  analysis  of  current  test  methods  used 
for  evaluation  of  the  burning  quality  of  aviation  turbine  fuels  made  under 
Contract  N600(l9)-58219,  it  was  recommended  that  the  relationship  between 
molecular  structure  of  hydrocarbon  fuels  and  flame  radiation  be  investigated 
in  a  turbulent  diffusion  combustion  system.  (21)  This  study  was  outlined 
in  Progress  Report  No.  2  (17),  and  the  results  of  an  experimental  investiga¬ 
tion  using  the  Phillips  Microbumer  and  a  group  of  44  pure  hydrocarbons  were 
detailed  in  Progress  Report  Mo.  4  (28)  by  Phillips  Petroleum  Company  working 
under  U.  S.  Navy  Bureau  of  Naval  Weapons  Contract  NOw  63-0406-d. 

The  group  of  pure  hydrocarbons  were  selected  to  include  normal 
paraffins,  isoparaffins,  cycloparaffins  (mono-  and  polycyclic),  olefins 
(straight  and  branched  chain  and  cyclic)  and  aromatics  (mono-  and  bicyclic) 
over  a  wide  range  of  boiling- point  for  each  hydrocarbon  type.  This  insured 
also  a  large  variation  in  such  properties  as  hydrogen  content,  heat  of  combus¬ 
tion,  Luminometer  Number  and  Smoke  Point. 

The  Phillips  Microbumer  was  selected  for  simplicity  of  operation 
and  small  fuel  appetite.  The  latter  is  always  important  when  working  with 
pure  hydrocarbons.  Construction  of  the  Phillips  Microbumer  provides  for  air 
atomization  of  the  fuel,  which  at  low  fuel  flow  rates  approaches  a  premixed 
system.  By  operation  over  a  broad  range  of  over-all  fuel-air  mixture  ratios, 
this  feature  allowed  for  the  approach  to  a  premixed  turbulent  flame  at  "lean" 
mixtures  and  a  diffusion  turbulent  flame  at  "rich"  mixtures.  Unfortunately, 
the  Phillips  Microbumer  is  an  atmospheric  pressure  device,  and  so  prohibited 
investigation  of  this  most  important  operating  variable. 

Measurements  were  made  of  total  radiant  energy  using  a  Leeds  and 
Northrup  Rayotube  rodified  with  sapphire  optics  for  inclusion  of  the  infrared 
spectral  region  out  to  5  microns.  Initially,  it  was  planned  to  make  these 
measurements  with  a  dual-channel  Barnes  Research  Radiometer  for  more  accurate 
measurement  of  total  radiant  energy  and  simultaneous  determination  of  flame 
temperature  by  measurement  of  radiant  energy  at  the  4*4  micron  carbon  dioxide 
peak.  Knowing  total  radiant  energy  and  flame  temperature,  flame  emissivlty 
can  be  calculated.  However,  it  was  not  available  for  this  investigation,  and 
so  the  Rayotube  was  used. 


II.  HOT  CORROSION  OF  StJPSRALLOTS 


A.  TEST  EQUIPMENT 

1.  Phillips  2-Inch  Combustor 

The  Phillips  2-inch  combustor  shown  in  Figure  1  was  used  in  prelim¬ 
inary  tests  (16)  without  modification  except  for  mounting  of  the  test  specimens 
(Section  II,  A-2)  six  inches  downstream  frcrn  the  combustor  section.  Whsrs 
attempts  were  made  to  operate  under  very  severe  conditions  (1000  F  combuator 
inlet  air  temperature  at  15  atmospheres  pressure  and  2000  F  combustor  outlet 
gas  temperature),  simulating^  a  high  compression  ratio  aviation  turbine  engine 
operating  at  sea-level  take-off  conditions,  combustor  liners  failed  rapidly 
as  the  result  of  melting.  This  necessitated  the  development  of  a  modified 
2-inch  combustor.  In  this  development  (17),  sixteen  different  designs  were 
evaluated  before  a  lolly  satisfactory  combustor  configuration  could  be  selected 


PHILLIPS  LABORATORY  SCALE  TEST  COMBUSTOR 


Research  Division  Report  3753-^AR 

Page  10 


j  .  De^i;L«  of  the  design  of  the  modified  ccmbustor  are  given  in  Table  I 

“  ifl  8hown  ^  Figur«  2-  Basically,  both  the  original 

and  modified  Phillips  2-inch  combustors  embody  the  principal  features  of  a 
modern  aircraft  turbine  engine  combustor.  They  are  straight-through,  can-type 
combustors  with  fuel  atomization  by  a  single,  simplex-type  nozzle.  The  flame 
tube  is  fabricated  from  2-inch,  Schedule  40,  Inconel  pipe.  The  modified 
combustor  contains  added  internal  deflector  skirts  for  film  cooling  surfaces 
exposed  to  the  flame. 


The  supporting  test  facility,  pictured  in  part  in  Figure  3,  has  been 
described  previously  in  detail  (29).  Briefly,  air  is  supplied  by  rotary  Fuller 
compressors,  filtered  by  a  Selas  Vape-Sorber,  and  preheated  by  a  Thermal  Researoh 
heat-exchanger.  Fuel  is  supplied  by  nitrogen  pressurization  of  its  supply  tank. 

A  view  of  the  control  panel  is  shown  in  Figure  4. 

The  design  of  the  combustor  installation  provides  for  easy  access 
to  tho  fuel  nozzle,  flame  tube  and  test  specimens.  The  combustor  Installation 
was  disassembled,  inspected,  and  reconditioned  after  each  test. 

During  preliminary  testing  synthotic  "sea  water"  was  injected  into 
the  primary  zone  of  the  combustor,  near  the  fuel  nozzle.  The  injection  probe 
was  water  cooled  to  prevent  ^vaporization  of  "sea  water",  and  plugging  of  the 
orifice.  After  modification  of  the  combustor  to  permit  testing  under  very 
severe  conditions,  it  became  evident  immediately  that  flame  tube  life  would 
be  limited  to  a  single  5-hour  test  with  "sea  water"  because  of  severe  corro¬ 
sion  of  the  internal  deflector  skirts.  Therefore,  the  "sea  water"  injection 
point  was  moved  downstream  to  the  quench  zone  of  the  combustor,  as  shown  in 
Figure  2. 

During  preliminary  testing  an  air-cooled,  310  stainless  steel  exh»,”"+ 
section  was  used.  It  soon  became  evident  that  this  would  not  stand  extended 
periods  of  operation  with  2000  F  exhaust  gas  temperature.  Therefore,  it  was 
cooled  by  water  jacketing,  with  excellent  results. 

The  modifications  increased  combustor  durability  to  such  an  extent 
that  no  failures  of  the  flame  tvbe  or  exhaust  section  occurred  during  the 
subsequent  test  program. 

Data  obtained  (18)  before  and  after  relocation  of  the  "sea  water" 
injection  probe  and  addition  of  water  cooling  to  the  exhaust  section  indicated 
that  these  changes  had  a  negligible  effect  on  hot  gas  corrosion  of  the  super¬ 
alloy  Inconel  713C.  Good  test  repeatability  was  also  indicated  and  an  excellent 
spread  in  weight  loss  was  obtained  between  tests  with  essentially  sulfur-free 
base  fuel  and  with  the  base  fuel  with  added  sulfur  plus  ingested  "sea  water". 

2.  Specimen  Holder 

The  test  specimen  holder  was  of  the  same  design  employed  in  earlier 
work  (16).  Its  general  location  with  respect  to  the  2-inch  combustor  has 
alrepdy  been  indicated  in  Figure  2.  It  is  separated  from  the  2-inch  combustor 
by  a  six  inch  long  water-cooled  spool  and  is  followed  by  another  water-cooled 
spool  one  foot  in  length.  It  is  mounted  in  a  suitable  cavity  in  &  flange 
located  between  these  two  water-cooled  spools. 
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TABLE  I 

DESIGN  DETAILS  OF  MODIFIED  PHILLIPS  2-INCH  C0KBP3T0R 
Splash  Cooling  Air 


Hole  Diameter,  in.  0.0125 

Holes/Station  16 

No.  of  Stations  7 

Total  No.  of  Holes  112 

Total  Hole  Area,  in.2  1.38 

%  Total  Hole  Area  42 

Primary  Combustion  Air 

Hole  Diameter,  in.  0.250 

Total  No.  of  Holes  4 

Total  Hole  Area,  in.2  0.20 

%  Total  Hole  Area  6 

Secondary  Combustion  Air 

Hole  Diameter,  in.  0.375 

Total  Do.  of  Holes  4 

Total  Hole  Area,  in.2  0.44 

%  Total  Hole  Area  14 

Quench  Air 

Hole  Diameter,  in.  0.625 

Total  No.  of  Holes  4 

Total  Hole  Area,  in.2  1.22 

%  Total  Hole  Area  3® 

Total  Combustor  Area,  in.2  3*24 

%  Cross  Section  Area  122 

Fuel  Nozzle  and  Combustor  Dome 

Spray  Angle,  degrees  45 

Shield  Hole  Diameter,  in.  0.625 

Air  Atomizer  Swirl  Plate  Tea 


1 


VIEW  OF  CONTROL  PANEL  FOR  LABORATORY  SCALE  COMBUSTOR 
STUDIES  OF  JET  FUELS  -  PHILLIPS  RESEARCH  TEST  FACILITY 
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cr°ss  sectional  area  of  the  2-inch  pipe  in  which  the  test 
is  located  is  3-36  in.2;  however,  the  unblocked  area  in  the 
test  specimen  holder  is  only  1.80  in.5.  The  holder  maintains  the  test 
specimens  at  an  angle  of  45  degrees  to  the  direction  of  flow  of  the  exhaust 
gas  as  oh own  in  Figure  5.  This  provides  for  acceleration  of  the  gas  flow 
over  the  surface  of  the  test  specimens,  much  as  over  the  turbine  blading  in 
an  actual  vUigine. 


While  the  310  stainless  steel  test  specimen  holder  is  subjected  to 
considerable  attack  by  the  hot  exhaust  gases,  this  design  provides  for  easy 
removal  of  the  tost  specimens  and  replacement  of  the  holder  when  necessary. 

In  their  vocation  relative  to  ths  flow  direction,  the  test  specimens 
were  subjected  to  appreciable  gas  pressure  loading  while  a  test  was  in  progress. 
The  pressure  drop  across  the  specimens  is  a  measure  of  the  loading  and,  for 
most  of  the  tests  discussed  in  this  report,  amounted  to  5  lb/in.2. 

3 «  Specimen  Electroclvaning 

A  very  satisfactory  technique,  described  by  Shirley  (8),  was  used 
for  the  removal  of  specimen  scale  or  bulk  oxide  after  exposure  to  hot  corrosion. 
A  schematic  diagram  of  the  apparatus  for  electrocleaning  by  a  cathodic  descaling 
process  is  shown  in  Figure  6.  The  test  specimens,  having  a  No.  30  drill  hole 
at  one  end  for  Hanging  in  the  bath,  were  completely  immersed  in  molten  sodium, 
hydroxide  (750-790  F)  and  a  current  of  about  1/3  ampere/cm2  was  passed  through 
them  for  a  period  of  10  minutes.  Thus,  for  two  test  specimens  with  a  total 
surface  area  of  35-28  cm2  a  direct  current  of  12  amperes  was  used.  This 
was  followed  by  a  water  quench. 

With  new,  unexposed  specimens,  only  a  negligible  amount  of  metal 
is  lost  when  subjected  to~this  technique.  Statistical  analyses  of  data  obtained 
during  the  test  program  also  shored  (18)  that  this  method  of  electrocleaning 
had  no  significant  effect  on  the  measured  tensile  properties  (ultimate  tensile 
strength,  per  cent  elongation,  and  ultimate  load)  of  the  superalloys  Inconel 
713C  and  Sierra  Metal  200. 


4.  Specimen  Modification  for  Tensile 

As  shown  in  Figure  5,  a  test  specimen  consisted  of  a  coupon  of  super- 
alloy  0.50  in.  wide,  2.38  in.  long  and  0,06  in.  thick.  After  exposure  to  hot 
corrosion  in  the  ccmbustor,  preweighed  specimens  were  cleaned  as  described 
in  Section  II-C  and  then  reweighed  to  determine  the  weight  loss. 

Prior  to  measurement  of  the  tensile  properties,  both  before  and  after 
exposure  to  hot  corrosion,  the  new  or  cleaned  test  specimen  was  filleted  as 
shown  in  Figure  ?.  The  width  of  She  tensile  tpecimen,  0.250  ±  0.002  in.,  was 
easily  measured  with  a  micrometer.  However,  when  the  specimen  had  been  exposed 
to  hot  corrosion,  the  irregular  surfaces  of  the  top  and  bottom  sides  made  the 
thickness  more  difficult  to  measure.  Therefore,  there  was  a  minor  uncertainty 
in  the  cross-sectional  area  to  be  usea  in  the  calculation  of  ultimate  tensile 
strength  of  specimens  after  exposure  to  hot  corrosion. 
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FIGURE  6 

CATHODIC  DESCALING  APPARATUS 
FOR  CLEANING  TEST  SPECIMENS 
FOLLOWING  EXPOSURE  TO  HOT  GAS  CORROSION 


FIGURE  7 

MODIFICATION  OF  TEST  SPECIMEN  FOR  TENSILE  EVALUATION 
FOLLOWING  EXPOSURE  TO  HOT  GAS  CORROSION 
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operated 

specimen 


The  tensile  specimens  were  pulled  in  an  Instron  Model  TTC1  tensile  machine 
ut  a  crosshead  travel  rate  of  0.1  in. /min.  The  gauge  length  of  the  tensile 
was  0.875  in. 


TEST  MATERIALS 


1.  Fuel. 


a.  Sulfur  in  Petroleum 

Natural  crude  oil  is  composed  ol‘  hydrocarbons,  primarily.  However, 
normally  there  are  small  amounts  of  organic  compounds  of  sulfur,  oxygen  and 
nitrogen  present,  in  addition  to  very  small  amounts  of  metallo-organic  compounds 
of  vanadium,  nickel,  iron  and  copper.  These  non-hydrocarbon  constituents  are 
usually  concentrated  in  the  higher-boiling-temperature  portion  of  the  crude  oil, 
along  with  polynuclear  aromatics  and  multi-ring  cycloparaffins.  Generally,  they 
have  been  avoided  in  aviation  turbine  fuels  by  specification  of  fractions  boiling 
below  550  F. 

Sulfur  is  the  exception.  Decomposition  of  high  molecular  weight  sulfur 
compounds  occurs  daring  refining  operations,  to  add  lower-boiling  sulfur  compounds 
which  were  not  constituents  of  the  original  crude  oil.  Thus,  a  kerosine  type 
fraction,  such  as  JP-5,  usually  contains  sulfides  (RS),  disulfides  (RS2),  etc. 

The  amount  of  sulfur  in  crude  oil  varies  over  a  range  of  several  orders 
of  magnitude;  i.e.,  from  about  0.05  to  5  weight  per  cent.  South  American,  Near 
and  Middle  East  crude  oils  contain,  on  the  average,  more  sulfur.  However,  crude 
oils  produced  from  a  given  geographical  region  can  vary  greatly. 

Conventional  refinery  distillation  of  crude  oil  normally  concentrates 
about  95  per  cent  of  the  sulfur  in  the  heavy  distillate  fraction  and  residual 
portion.  This  leaves  the  middle  distillate  fraction,  used  for  ariation  turbine 
fuel,  relatively  free  of  sulfur.  Further  removal  of  sulfur  has  long  constituted 
an  important  part  of  refinery  practice  to  stabilize  products  with  respect  to  odor, 
color  and  gum  formation. 

For  more  detailed  discussions  of  the  above  information,  see  Reference  30. 
t.  Sulfur  in  JP-5 

The  sulfur  content  of  54  samples  of  grade  JP-5  aviation  turbine  fuel, 
representative  of  production  in  the  United  States  from  1957  through  1963,  averaged 
0.102  weight  per  cent,  but  the  median  value  was  only  0.060  weight  per  cent  sulfur 
(31).  These  data  are  tabulated  in  Table  II.  It  is  pertinent  to  point  out  that 
the  precision  of  the  ASTM  Lamp  Method  (D-1226)  used  by  the  manufacturers  to  obtain 
these  data  is  0.01  weight  per  cent  sulfur,  since  11  per  cent  of  the  samples  were 
at,  or  below,  this  level.  The  majority  of  the  samples,  54  per  cent,  were  between 
0.02  and  0.10  weight  per  cent  in  3ulfur  content.  However,  this  left  35  per  cent 
which  approached  the  JP-5  specification  maximum  of  0.40  weight  per  cent  sulfur. 

It  is  of  interest  to  note  that  288  samples  of  the  more  volatile  grade 
JP-4  aviation  turbine  fuel,  averaged  over  the  same  period  of  time,  showed  a  sulfur 
content  of  0.044  weight  per  cent  (31)*  This  is  43  per  cent  of  the  average  sulfur 
content  reported  for  JP-5. 
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TABLE  II 

SULFUR  CONTENT  OF  REPRESENTATIVE  U.S.  PRODUCTION  SAMPLES  OF  JP-S 
U_«S.  Bureau  of  Mines  Petroleum  Products  Survey  (31) 


Year 


Average 


Total  Sulfur 

Content . 

weight  per 

cent 

2SSL 

1958 

J--9J5? 

I960 

1961 

1962 

1963 

0.02 

0.024 

0.01 

0.004 

0.005 

0.005 

0.01 

0.063 

0.053 

0.022 

0.038 

0.023 

0.01 

0.027 

0.16 

0.072 

-0.027 

0.078 

0.032 

0.024 

0.033 

0.18 

0.160 

0.031 

0.182 

0.035 

0.027 

0.039 

0.22 

0.16 

0.036 

0.23 

0.046 

0.028 

0.050 

0.29 

0.04 

0.056 

0.067 

0.087 

0.23 

0.22 

0.08 

0.09 

0.35 

0.23 

0.097 

0.15 

0.25 

0.18 

0.19 

0.18 

0.32 

O.32 

Total 

0.129 

0.110 

0.093 

0.106 

0.100 

0.093 

0.100 

0.102 

0.16 

0.116 

0.034 

0.078 

0.046 

0.067 

0.069 

0.060 

Median 
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On  the  basis  of  this  and  other  similar  information,  it  was  decided 
to  conduct  the  major  program  described  in  Section  II-D  of  this  report  using 
test  fuels  having  three  levels  of  sulfur  concentration.  One  was  chosen  at 
the  maximum  sulfur  content  of  0.40  weight  per  cent  allowed  by  the  specifica¬ 
tion  for  grade  JP-5  aviation  turbine  fuel,  since  a  considerable  quantity  of 
production  fuel  approaches  this  level.  Another  was  selected  at  an  order  of 
magnitude  less  in  sulfur  content,  0.040  weight  per  cent,  to  represent  the 
level  characteristic  of  the  major  portion  of  aviation  turbine  fuel  produced. 

A  decrease  in  sulfur  content  of  another  order  of  magnitude,  to  0.0040  weight 
per  cent,  seemed  reasonable  for  the  third  fuel;  however,  it  was  felt  that 
an  even  lower  level  would  be  desirable  to  allow  testing  with  an  essentially 
sulfur- free  base  fuel. 

In  the  preliminary  tests  described  in  Section  II-C,  a  fuel  sulfur 
content  of  1.0  weight  per  cent  was  used  to  permit  comparison  of  the  results 
with  "sea  water"  ingestion  with  earlier  results  (15)  obtained  at  this  level 
of  sulfur  in  the  absence  of  "sea  salt". 

c.  Base  Fuel 

The  base  fuel  used  in  the  preliminary  tests  (Section  II-C )  was  a 
lew  sulfur  JP-5  boiling  range  isoparaff.inic  fuel,  having  the  properties  shown 
in  Table  III.  For  most  of  the  preliminary  toots  cumene  was  added  to  obtain 
an  aromatic  content  at  the  maximum  specification  limit.  Ditertiary  butyl 
disulfide  was  added  to  obtain  a  sulfur  content  of  1.0  weight  per  cent. 

The  base  fuel  selected  for  use  in  the  major  program  (Section  II-D) 
was  a  segregated  sample  of  production  ASTM  Type  A  aviation  turbine  fuel.  Its 
physical  and  chemical  properties  of  interest  to  this  investigation  are  pre¬ 
sented  in  Table  IV.  For  comparison  purposes,  the  average  values  of  pertinent 
properties  from  the  Bureau  of  Mines  Petroleum  Product  Survey  over  the  period 
from  1957  through  1963  are  shown  for  grades  JP-5  and  JP-4  aviation  turbine 
fuel  (31) •  It  should  be  noted  that  the  physical  and  chemical  properties 
of  this  base  fuel  closely  approximate  the  averages  for  JP-5,  with  the  exception 
of  its  very  low  sulfur  content.  This  base  fuel  also  was  analyzed  for  metal 
content,  to  be  certain  that  its  iron,  vanadium,  nickel,  and  copper  content 
were  negligible;  since,  if  present,  they  would  concentrate  as  ash  and  might 
significantly  alter  the  scale  composition  on  the  test  specimen  being  exposed 
to  the  combustor  exhaust  gas . 

This  base  fuel  was  essentially  free  of  sulfur,  containing  only 
2  parts  sulfur  per  million  partB  of  fuel  by  weight;  i.e.,  0.0002  weight  per 
cent  sulfur.  The  higher  sulfur  content  test  fuels  were  produced  by  blending 
to  0.040  and  0.40  weight  per  cent  sulfur  using  ditertiary  butyl  disulfide. 

This  dithiaalkane  has  been  widely  used  in  past  research  to  obtain  high  3ulfur 
content  test  fuels,  since  it  is  relatively  inexpensive  and  available  at 
adequate  purity.  Also,  earlier  work  has  shewn  organic  sulfur  compound  type 
to  be  unimportant  in  hot  corrosion  studies  (12). 
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TABLE  m 


Initial  Boiling  Point  357 

10  volume  per  cant  evaporated  367 

50  volume  per  cent  evaporated  390 

90  volume  per  cent  evaporated  472 

End  Point  549 

Gravity,  degrees  API  53.0 

Bromine  Number  1.4 

Aniline  Point,  F  191.5 

Copper  Corrosion,  3  hours  at  212  F  1 

Flash  Point,  F  145 

Doctor  Test  Negative 

Color,  Saybolt  +30 

Kinematic  Viscosity,  centistokes  at  32  F  4.05 

centistokes  at  100  F  1.77 

Sulfur  Content,  weight  per  cent.  Total  0.005 

Mercaptans  0.001 

Composition,  weight  per  cent  Paraffins  Essentially  100 
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TABLE-  IV 


PHYSICAL  AND  CHEMICAL  PROPERTIES  OF  BASE  FUEL  USED  IN  MAJOR  PROGRAM 


Distillation,  Temperature,  F 

Initial  Boiling  Point  .  .  .  .  , 
5  volume  per  cent  evaporated 
10  volume  per  cent  evaporated 
20  volume  per  cent  evaporated 
30  volume  per  cent  evaporated 
40  volume  per  cent  evaporated 
50  volume  per  cent  evaporated 
60  volume  per  cent  evaporated 
70  volume  per  cent  evaporated 
80  volume  per  cent  evaporated 
90  volume  per  cent  evaporated 
95  volume  per  cent  evaporated 
End  Point . . 

Gravity,  degrees  API  . 

Gum,  ml 111 grama  per  100  milliliters 

Smoke  Point,  millimeters  . 

Composition,  weight  per  cent 

Sulfur . 

Metals  (d) 

Iron . 

Vanadium . . 

Nickel . 

Copper.  ......... 

Hydrocarbon  Types 

Normal  Paraffins . 

Isoparaffins . 

Cycloparaffins . 

Olefins  ......... 

Aromatics  . 


Test  Fuel  Average  Average 

Base  (a)  JP-5  Tb)  JP-4  (b) 


329 

344 

350 .  382.  ...  210 

359 

368 

377 

388 .  413.  ...  307 

400 

417 

435 

460 .  455.  ...  412 

478 

498 

46.2  42.7  53.2 

0.2  1.0  1.0 

26.2  23.1  28.1 

0.0002  (c)  0.10  0.04 


ler.c  than  C.0D01 
less  than  0.0001 
less  than  0.0001 
less  than  0.0001 


27  (e) 

23  («) 

36  (e) 

0  (e) 

14.0  14-3  11.2 


Notes: 

(a)  Segregated  sample  (BJ63-8-G49)  of  production  ASTM  Type  A  aviation  turbine 
fuel,  processed  from  West  Texas  crude  and  finished  by  hydrotreating. 

(b)  U.S.  Bureau  of  Mines  Petroleum  Products  Survey.  (31) 

(c)  Higher  sulfur  content  test  fuels  obtained  by  blending  to  desired  sulfur  level 
using  ditertiary  butyl  disulfide. 

(d)  X-ray  fluorescence  analysis. 

(e)  Typical  value  for  this  product. 
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2.  Sea  Water 


a.  Composition 

A  synthetic  "sea  water" was  used  in  this  study.  Its  fon*ulatian 
was  taktu  from  the  Standard  Method  of  Teat  for  Rust-Preventing  Characteristics 
of  Steam-Turbine  Oil  in  the  Presence  of  Water,  ASTM  Designation  D-665-60. 

The  components  and  their  concentrations  are  shewn  in  Table  V. 

Table  VI  compares  the  composition  of  this  synthetic  "sea  water ,  with 
the  average  composition  of  sea  water,  as  reported  by  Goldberg  (32).  Only  the 
elements  present  in  sea  water  at  concentrations  of  1  ppm,  or  greater,  have 
been  tabulated.  Smaller  concentrations  of  elements  present  in  sea  water  are 
not  included  in  the  synthetic  formula.  It  will  be  noted  that  the  abundance 
of  various  elements  in  the  synthetic  formula  compares  very  favorably  with  the 
average  sea  water  composition.  The  one  exception  is  silicon,  and  its  exclusion 
from  the  synthetic  "sea  water"  seems  justified  in  the  light  of  its  reported 
variation  in  abundance  from  one  water-mass  to  another  by  a  factor  of  1000,  or 
more. 


It  is  pertinent  to  point  out  that  "sea  water"  will  leave  a  residue  of 
approximately  4.2  per  cent  by  weight  of  "sea  salt"  upon  evaporation  of  the 
water.  Thuj,  for  our  purposes,  a  concentration  of  24  parts  of  "sea  water"  per 
million  parts  of  air  is  equivalent  to  a  concentration  of  "sea  salt"  in  air 
of  1  ppm.  This  "sea  salt"  contains  approximately  2  per  cent  by  weight  sulfur, 
combined  '*ith  about  20  per  cent  of  the  available  sodium  as  sodium  sulfate, 
Na2304’  The  remaining  sodium  is  availabls  to  combine  with  sulfur  from  ths 
fuel  to  produce  additional  sodium  sulfate,  as  noted  by  Simons,  Browning  and 
Liebhafsky  (7) .  If  the  sulfur  contributed  by  the  fuel  were  completely  scavenged 
from  the  hot  gas  stream,  it  would  require  a  fuel  sulfur  content  of  only  0.0005 
weight  per  cent  at  an  air-fuel  ratio  of  60  to  convert  the  excess  sodium  to 
sodium  sulfate  with  a  "sea  salt"  ingestion  rate  of  1.0  ppn  in  air.  Thus,  the 
amount  of  sodium  sulfate  in  the  ash  is  likely  to  be  limited  only  by  the  total 
sodium  content  of  the  hot  gas  stream. 

b.  Ingestion  Rate 

Establishing  a  realistic  level  for  the  concentration  of  sea  salt 
in  the  air  ingested  by  a  gas  turbine  engine  operating  in  a  marine  environment 
is  difficult  from  the  available  literature.  Woodstock  and  Gifford  (33)  report 
a  concentration  at  50  feet  over  the  calm  ocean  near  Bermuda  of  approximately 
0.003  parts  by  weight  of  sea  salt  per  million  parts  of  air  (ppm).  Cadle  (34) 
comments  that  salt  particles  over  the  ocean  may  at  times  be  as  concentrated 
as  100  particles  per  cubic  centimeter,  although  one  per  cubic  centimeter  is 
more  common.  From  this  information,  we  can  estimate  a  sea  salt  concentration 
over  a  rough  sea  of  about  0.3  ppm.  Of  course,  this  level  may  be  augmented 
by  the  vehicle.  In  fair  agreement,  unpublished  data  has  indicated  a  sea  salt 
concentration  at  the  compressor  intake  of  one  marine  application  to  be  approxi¬ 
mately  0.01  ppm  under  nonnal_canditions ,  rising  to  0.5  ppm  in  rough  weather. 
Graves  and  Carleton  (35),  U.S.  Navy  Bureau  of  Ships,  point  out  that  marinised 
gas  turbine  engines  should  be  capable  of  satisfactory  operation  with  a  sea 
salt  ingestion  rate  of  1.5  ppm  for  a  helicopter  hovering  at  20  feet  above  the 
ocean,  with  the  rotor  tip  vortex  action  creating  a  considerable  spray. 

(a)  "Sea  water"  and  "sea  salt"  (i.e.  in  quotes)  are  used  throughout  this  report 
to  indicate  the  synthetic  composition  shown  in  Table  V. 
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Formula 


Sodium  Chloride 

NaCl 

24.54 

Magnesium  Chloride 

MgCl2.6H20 

11.10 

Sodium  Sulfate 

Na^°4 

4.09 

Calcium  Chloride 

CaCl2 

1.16 

Potassium  Chloride 

KC1 

0.69 

Sodium  Bicarbonate 

NaHC03 

0.20 

Potassium  Bromide 

KBr 

0.10 

Boric  Acid 

h3bo3 

0.03 

Strontium  Chloride 

SrC]2.6H20 

0.04 

Sodium  Fluoride 

NaF 

0.003 

Total  41.953 

Notes? 

(a)  Use  cp  chemicals. 

(b)  Use  distilled  water 
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TABLE  71 

COMPOSITION  OF  SEA  WATER 

_Abgidflneet_gnw  per  liter 


Elements  (a) 

Princioal  Species 

Average 

Composition 

(32) 

Synthetic 
"Sea  Water" 
(ASTM  D665) 

Oxygen 

h20;  o2(g)j  S042" 

857 

857 

Hydrogen 

h2° 

108 

108 

Chlorine 

Cl- 

19.0 

19.8 

Sodium 

Na+ 

10.5 

11.0 

Magnesium 

Mg^;  HgS04 

1.35 

1.33 

Sulfur 

SO.  2~ 

U 

0.89 

0.92 

Calcium 

Ca2+;  CaS04 

0.40 

0.42 

Potassium 

K+ 

0.38 

0.39 

Bromine 

Br- 

0.065 

0.068 

Carbon 

HC03-j  H2C03j  C032";  Organic 

0.028 

0.028 

Strontium 

Sr24";  Sr604 

0.008 

0.013 

Boron 

B(0H)3;  B(0H)20- 

0.005 

0.005 

Plourine 

F- 

0.001 

0.001 

Silicon 

Si(0H)4J  Si(0H)30- 

0.003  (b)  - 

Notes : 

(a)  Elements  present  at  an  abundance  (greater  than  1  part  per  million. 

(b)  Silicon  varies  in  abundance  frcm  one  water-mass  to  another  by  a  factor 
of  1000,  or  more. 


Research  Division  Report  3753-64R 

Page  27 


On  the  basis  of  this  information,  it  was  decided  to  conduct  the 
major  program  (Section  II-D)  using  three  levels  of  "sea  salt"  Ingestion. 

First,  a  corrosion  base  line  was  obtained  with  no  "sea  salt"  added  to  the 
combustion  system.  Second,  a  realistic  level  of  1.5  ppm  "sea  salt"  in  air 
was  obtained  by  the  injection  of  synthetic  "sea  water"  into  the  quench 
zone  of  the  combustor,  as  indicated  in  Figure  2.  Third,  an  accelerated 
corrosive  effect  was  obtained  by  the  ingestion  of  "sea  water"  at  the  level 
of  15.0  ppm  "sea  salt"  in  air.  While  the  latter  imposes  artifically  severe 
conditions,  it  is  a  common  metallurgical  practice  to  rely  on  accelerated 
testing  for  guidance. 

In  the  preliminary  tests  (Section  II-C),  ingestion  of  "sea  water" 
was  at  the  level  of  15  ppm  "eea  salt"  in  air. 

3.  Superalloys 

In  the  preliminary  tests,  five  superalloys,  typical  of  those  used 
for  turbine  blades  and  guide  vanes  in  modem  aircraft  turbine  engines,  were 
used.  Their  compositions  are  shown  in  Table  VII. 

In  the  major  program  two  different  nickel-base  alloys  were  used 
as  test  specimens  during  this  study.  The  selection  of  Inconel  713C  and 
Sierra  Metal  200  was  made  to  obtain  cast  alloys  representative  of  materials 
being  used  for  turbine  blades  in  engines  of  advanced  design.  The  chemical 
analyses  for  the  heats  fran  which  the  investment  castings  were  made  are 
shown  in  Table  VIII.  The  inspection  standards  for  these  castings  are  shown 
in  Table  II. 

Inconel  713 C  has  boen  widely  used  by  aircraft  turbine  engine 
manufacturers  for  both  turbine  blades  and  turbine  nozzle  guide  vanes.  It 
possesses  excellent  strength  properties  up  to  1800  F,  and  exhibits  remarkable 
resistance  to  oxidation  at  that  temperature .  It  is  of  interest  to  note  that 
its  introduction  in  1956  led  a  series  of  cast  alloys  which  permitted  an  in¬ 
crease  in  operating  temperatures  of  about  100  F  above  previously  available 
wrought  materials. 

Sierra  Metal  200  is  one  of  the  newer  cast  alloys,  introduced  to 
obtain  another  100  F  increase  in  operating  temperature;  i.e.,  to  1900  F.  This 
has  required  a  reduction  in  chromium  content  to  obtain  high  temperature 
strength  properties,  which  has  resulted  in  some  lowering  of  oxidation  resist¬ 
ance.  It  is  of  significance  to  note  the  unusually  high  tungsten  content  of 
this  superalloy,  for  subsequent  data  show  large  amounts  sodium  tungstate 
in  the  scale  of  test  specimens  suffering  catastrophic  rates  of  corrosion. 

The  mean  initial  area  of  the  test  specimens  was  17.67  cm2.  The 
mean  initial  weight  of  the  Inconel  713C  test  specimens  was  9386  milligrams, 
and  of  the  Sierra  Metal  200  test  specimens  was  9754  milligrams. 
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TABLE  VII 

COMPOSITION  OF  SUPERALLOY  TEST  SPECIMENS  USED  IK  PRELIMINARY  TESTS 


Chemical  Analysis .  weight  per  cent 

Alloying  Elements 

Udimet 

500 

Wasp- 

alloy 

Haynes  Alloy 

25 

Hastelloy 

R-235 

Rentf 

JfcL_ 

Nickel 

51.04 

57.44 

10.0 

63.91 

54.37 

Cobalt 

18.7 

13.2 

Balance  (57.03) 

0.38 

10.69 

Chromium 

19.0 

19.5 

20.0 

15.29 

18.33 

Molybdenum 

4.35 

4. a 

— 

5.48 

9.69 

Things  ten 

— 

— 

15.0 

— 

— 

Aluminum 

3.10 

1.23 

— 

2.05 

1.54 

Titanium 

2.99 

3.10 

— 

2.43 

3.15 

Manganese 

<£0.10 

0.01 

1.5 

0.03 

0.05 

Iron 

0.36 

0.95 

3.0 

9.96 

1.90 

Zirconium 

<  0.01 

0.06 

— 

— 

— 

Silicon 

0.15 

0.03 

1.0 

0.26 

0.16 

Boron 

0.003 

0.002 

— 

— 

0.005 

Sulfur 

0.00? 

0.003 

— 

0.009 

0.009 

Carbon 

0.09 

0.053 

0.1 

0.15 

0.10 

Copper 

<0.10 

0.01 

— 

— 

— 

Phosphorus 

— 

0.003 

— 

0.001 

— 
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TABLE  VIII 

COMPOSITION  OF  SUFERALLOT  TEST  SPECIMENS  USED  IN  MAJOR  PROGRAM 


Alloying  Elements 

Nickel 

Cobalt 

Chromium 

Molybdenum 

Tungsten 

Aluminum 

Titanium 

Manganese 

Iron 

Zirconium 

Columbium 

Silicon 

Boron 

Sulfur 


Chemical  Analysis,  per  cent 


Inconel  713C 

Sierra  Metal  200 

Balance  (70. 63) 

Balance  (60.34) 

0.38 

9.80 

12.93 

9.14 

4.6  4 

— — 

— 

12.12 

6.48 

4.78 

0.82 

2.00 

0.01 

0.04 

1.26 

0.53 

0.14 

0.068 

2.25 

0.99 

0.31 

0.01 

0.012 

0.015 

0.007 

— 

0.13 

0.17 

Carbon 
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TABLE  IX 

INSPECTION  STANDARDS  FOR  SUPERALLOY  TEST  SPECIMENS  USED  IK  MAJOR  PROGRAM 

1.  Dimensional 


1.1  Investment  castings  were  finished  to  0.06  in.  by  0.5  in. 
by  2.38  in.,  with  a  tolerance  of  +  0.01  in. 

1.2  Positive  roughness  was  removed,  or  reduced,  by  finishing 
to  obtain  a  "smooth"  section  surface. 

2.  Visual 

2.1  Negative  defects  which  cid  not  exceed  l/l6  in.  diameter 
by  I/64  in.  deep,  and  separated  by  a  distance  equal  to 
the  diameter  of  the  larger  defect,  were  acceptable. 

2.2  Evidence  of  mold  crack,  or  partline,  to  1/64  in.  high, 
or  deop,  was  acceptable. 

2.3  Positive  roughness  to  1/64  in.  high  was  acceptable. 

3.  Fluorescent  Penetrant  (Zyglo) 

3.1  Cracks  and  through  porosity  were  not  acceptable. 

3.2  Large  faintly  fluorescent  areas  (1/4  in.  diameter  as 

a  guide)  in  which  definite  glowing  areas  do  not  exceed 
1/16  in.  were  not  cause  for  rejection. 

4.  X-rav 

4.1  Cracks  were  not  acceptable. 

4.2  Gas  and  inclusions  up  to  3/32  in.  in  their  greatest 
dimension  were  acceptable. 
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C.  PRELIMINARY  TESTS 
1.  Procedure 


In  the  preliminary  teats  (16)  made  before  the  Phillips  2 -in ah 
combustor  (Figure  1)  had  been  modified,  the  test  specimens  were  constructed 
fresn  the  five  superalloys  listed  in  Table  VII.  Operation  of  the  combustor 
was  at  an  air-fuel  ratio  of  50  with  the  teat  specimens  exposed  to  its  near 
2000  F  exhaust  gas  stream  at  a  pressure  and  flow  velocity  of  approximately 
12  atmospheres  and  250  ft/sec.  Synthetic  "sea  water*  was  injected  directly 
into  the  primary  sons  of  the  combustor  to  provide  a  rate  of  15  parts  of 
"sea  salt"  per  mil lion  parts  of  mass  air  throughput.  The  fuel  used  was  the 
base  fuel  (Table  III)  with  1.0  per  cent  added  sulfur  and  blended  with  25  weight 
per  cent  cumene  for  all  except  one  test  where  the  cumene  was  omitted.  Cumene 
was  included  in  the  fuel  to  promote  carbon  formation  and  thus  provide  condi¬ 
tions  favorable  to  the  reduction  (15)  of  protective  oxide  films  on  the  test 
specimens . 


Preweighed  test  specimens  were  placed  in  the  holder  shown  in 
Figure  5.  The  duration  of  the  tests  was  twelve  hours,  obtained  by  running 
six  2~hour  intervals.  After  each  2-hour  period,  the  specimens  were  cathodic- 
ally  cleaned,  as  described  in  Section  II-A3,  and  then  reweighed. 

2.  Test  Results 


The  data  expressed  as  milligrams  of  accumulated  weight  loss  (both 
specimens)  per  square  inch  of  exposed  area  are  given  in  Table  I  and  are 
shown  as  a  function  of  test  duration  In  Figure  8. 

TABLE  X 

RESULTS  OF  PRELIMINARY  HOT  CORROSION  TESTS 


Test  Fuel 

Accumulated  Metal  Loss,  mg/ca 

«2 

Alloy 

2  hr. 

4_hr_. 

6  hr. 

8  hr. 

10  hr. 

12  hr. 

Udimet  500 

Aromatic  added 
No  added-m.ro- 

7.5 

26.2 

35.7 

49.7 

62.4 

90.5 

m&tic 

3.3 

17.8 

36.6 

58.3 

79.0 

109.5 

Waspalloy 

Aromatic  added 

1.4 

9.2 

20.8 

30.3 

45.2 

63.7 

Haynes  Alloy  25 

Aromatic  added 

9.9 

25.4 

50.0 

83.0 

97.2 

110.4 

Hastelloy  R-235 

Aromatic  added 

5.2 

19.9 

51.8 

108.0 

181.6 

239.4 

Rend"  id 

Aromatic  added 

54.9 

65.5 

79.2 

90.5 

107.8 

148.4 

(a)  Combustor  Operating  Conditions:  P  •* 
IAT  -  900  F;  EOT  -  1950  -  2000  F. 

350  in. 

Hg  abs 

.;  V  ** 

250  ft/s 

iec; 

(b)  JP-5  type  isoparaffinic  base  fuel  (Table  III)  plus  1.0  weight  per  cent 
sulfur.  When  aromatics  were  added  they  consisted  of  25  weight  per  cent 
cumene. 


. .  —  —  "BLACK  PLAGUE'  TESTS  —  1*  SULFUR  FUEL  W/  2  3*  AROMATICS  - 

1  3  PPM  SEA  SALT  INJECTED 

- TESTS  WITH  1*  SULFUR  FUEL- NO  AROMATICS -NO  SEA  SALT. 


TEST  conditions: 

P»  SBC  IN  HO  ASS. 

V-  230  FT/  SEC. 

IAT  -  900F  (BLACK  PLAQUE  TESTS)  *,  700F  (BASE  LINE  TESTS) 
EOT-  t  930  —  2  0  00F 


1ASTELLOY  R-2SS 
WASP  ALLOY. 


"UOIMET  SOO  *  REN^  4t 
HAYNES  ALLOY  2>U^ 


n\ 


TEST  DURATION  ,  HOURS 


FIGURE  8 

TURBINE  GUIDE  VANE  METAL  LOSS  AS  A  FUNCTION  OF  TEST  DURATION 
FOR  EXPOSURE  TO  SULFUR  AND/OR  SEA  SALT  LADEN  ATMOSPHERES 
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with  JJf^r1-80*1*  of  th®  ®«tal  weight  losses  from  Udimet  500  specimens. 

S™SihS5  a?d*V°  the  fue1'  ^dicat«8  that  the  presence  of 

?0t  ACCe}erat«  corrosion  as  might  have  been  expected. 
Presumably,  if  hot  corrosion  was  preceded  by  reduction  by  carbon  of  protect- 
lve  chrcmium  oxide  films,  there  was  sufficient  carbon  formation  by  the  fuel 
In  the  absenoe  of  the  aromatic. 


In  Figure  8,  data  previously  obtained  (15)  on  the  effect  of  1.0 
per  cent  sulfur  in  the  absence  of  "sea  salt"  are  also  shown.  It  is  seen 
that  the  "sea  salt"  greatly  accelerated  hot  corrosion.  Under  the  test  condi¬ 
tions,  the  alloys  were  rated  (8  to  12  hours  test  duration)  in  the  following 
order  of  increasing  metal  weight  loss:  Waspalloy,  Udimet  500,  Haynes  Alloy 
25,  Rene  41  and  Hastelloy  R-235.  At  shorter  test  durations,  the  first  four 
alloys  fell  in  the  same  order  but  the  position  of  the  last,  Hastelloy  R-235, 
improved  relative  to  the  others.  The  higher  weight  loss  from  Hastelloy 
P-235  at  the  longer  test  times  is  in  general  accord  with  previous  reports 
(10)  of  high  corrosion  of  alloys  containing  15  per  cent  or  less  chromium  when 
exposed  to  "sea  salt"  at  elevated  temperatures. 

D.  MAJOR  PROGRAM 

1.  Procedure 


In  the  major  program  on  the  effects  of  sulfur  and  "sea  salt"  on 
hot  corrosion,  made  after  the  Phillips  2-inch  combustor  (Figure  2)  had  been 
modified,  the  test  specimens  were  contracted  of  Inconel  713C  and  Sierra  Metal 
200  (Table  VHI).  The  operating  conditions  selected  as  representative  of 
modern,  high  performance  aircraft  are  shown  in  Table  XI  under  the  column 
heading  2000  F.  It  is  seen  that  operation  was  at  a  pressure  of  15  atmospheres, 
an  inlet  air  temperature  of  1000  F,  an  air-fuel  ratio  of  56  and  an  exhaust 
gas  temperature  closely  approaching  2000  F.  The  resultant  test  specimen  temp¬ 
erature  was  near  1830  F  and  the  flow  velocity  over  the  specimens  was  500  ft/sec 
Under  these  conditions,  synthetic  "sea  water"  was  injected  at  the  rates  0.0, 

1.5  and  15  ppm  "sea  salt"  with  fuel  sulfur  contents  of  0.0002,  0.040  and  0.40 
weight  per  cent. 

The  tests  were  conducted  in  accordance  with  a  statistically  de¬ 
signed  program.  Duplicate  tests  were  run  on  each  alloy  with  each  of  the  nine 
possible  combinations  of  sulfur  and  sea  water  concentrations.  In  each  test, 
two  specimens  of  the  same  superalloy  vere  exposed  to  hot  gases  from  the 
combustor.  The  eighteen  tests  were  run  at  random  on  each  alloy. 

The  procedure  consisted  of  a  five-hour  cyclic  test  with  55  minutes 
of  exposure  of  the  test  specimens  to  hot  gases  followed  by  5  minutes  with 
the  fuol  turned  off.  On  dcmpletion  of  a  test,  the  specimens  were  cathodically 
cleaned,  as  described  in  Section  II-A3,  for  determination  of  the  weight  loss. 
The  tensile  properties  (ultimate  tensile  strength,  ultimate  load  and  per  cent 
elongation)  were  measured  after  preparing  the  specimens  for  this  purpose  as 
described  in  Section  II-A4. 

Photomicrographs  of  the  specimens  were  made  for  examination  to 
determine  the  depth  and  type  of  the  corrosion  attack. 
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TABUS  n 


OPERATING  CONDITIONS  OF  PHILLIPS  2-INCH  COMBUSTOR 


Test  Conditions  (a) 

Test  Variables 

2000  F 

1500  F 

Temperature,  degrees  Fahrenheit 

Exhaust  Gas  . 

Profile  (b) . 

Test  Specimens . 

Combustor  Inlet  Air  . 

1993  +  15 

210 

1830 

1000  +  10 

1746  +  11 

190 

1720  (c) 

900  +  10 

1498  +  7 

no 

1590  (e) 

800  +  10 

Pressure,  atmospheres 

Combustor  Inlet  Air  . 

Combustor  Drop. 

Test  Specimen  Drop . 

15.0  +  0.1 
0.6 

0.3 

15.0  +  0.1 
0.8 

0.4 

15.0  +  0.1 
1.0 

0.5 

Maos  Flow  Rate,  pounds  per  hour 

Air . 

Fuel . 

Air-Fuel  Ratio . 

5480  +  40 

98  “ 

56 

6120  +  40 

90 

68 

6840  +  40 

81  ~ 

84 

Flow  Velocity,  feet  per  seocnd  *• 
Combustor  Reference  (d)  .  .  . 

Exhaust  Gas  (e)  . 

at  Test  Specimens  (f).  . 

200 

270 

500 

210 

270 

500 

220 

270 

500 

Combustion  Efficiency,  per  cent  (g) 

100 

100 

100 

Test  Duration,  hours  (h)  . 

5.00+0.01 

5.00+0.01 

5.00+3.01 

Notss : 

(a)  Average  values,  with  standard  deviation  shown  for  control  points. 

(b)  Maximum  variation  between  four  thermocouples  on  equal  area  centers. 

(c)  Test  specimens  probably  reflecting  flame  radiation  to  give  fictitiously 
high  readings  with  optical  pyrometer. 

(d)  Cold  flow,  based  on  2.66  in.2  exit  area  in  flame  tube. 

(e)  Based  on  3*36  in.^  area  at  outlet  from  combustor. 

(f)  Based  on  1.80  in.^  unblocked  area  in  test  specimen  holder. 

(g)  Calculated  using  mean  specific  heats  and  temperature  at  exhaust  gas 
core  to  minimize  error  from  heat  loss  to  water  cooled  wall. 

(h)  Operating  cycle  of  55  minutes  at  test  condition,  followed  by  5  minutes 
with  fuel  off. 


2.  Teat  Results 
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Statistical  methods  (36,  37)  were  used  in  the  analysis  of  the  data 
obtained  under  the  2000  F  test  conditions  for  determination  of  the  effect  of 
sulfur  and  "sea  salt”,  separately  and  together,  on  metal  weight  losses  and 
changes  in  tensile  properties  as  the  result  of  hot  corrosion  of  Inconel  713C 
and  Sierra  Metal  200. 

The  significance  of  test  specimen  weight  losses  and  changes  in 
tensile  properties  was  established  by  analyses  of  variance,  made  at  a  confi¬ 
dence  level  of  95  per  cent  (18). 

The  summarized  results  are  shown  in  Tables  XII  and  XIII. 

3.  Discussion 


a.  Oxidation  and  Erosion 


The  weight  losses  found  when  no  ”sea  salt"  and  0.0002  weight  per 
cent  fuel  sulfur  were  present  .indicate  little  oxidation  and  erosion.  The 
weight  loss  was  1.3  mg/cm^  from  ths  Inconel  713C  specimens  while  that  from 
the  Sierra  Metal  200  specimens  was  6.8  mg/ca?-  during  the  five  hour  tests. 
However,  Inconel  713C  specimens,  having  an  initial  tensile  strength  of 
121,600  lb/in. 2,  showed  appreciable  bowing  (cne-eighth  in.)  in  the  direction 
of  gas  flow.  This  indicates  that  the  specimens  were  under  considerable  stress 
during  exposure  to  the  hot  gases.  Sierra  Metal  200  specimens,  having  an 
initial  tensile  strength  of  136,000  lb/in. 2,  showed  little  or  no  bowing. 

b.  Sulfur  Corrosion 

In  the  absence  of  "sea  salt"  in  the  air,  increasing  fuel  sulfur 
content  over  the  range  frc*t  0.0002  to  0.40  weight  per  cent  did  not  signific¬ 
antly  affect  the  weight  loss  or  tensile  properties  of  Inconel  713C.  This  is 
shown  in  the  photographe  of  Figure  9  and  in  the  data  plots  of  Figures  10,  11 
and  12. 

Under  similar  conditions,  the  weight  loss  from  Sierra  Metal  200 
specimens  increased  slightly  with  increase  in  fuel  sulfur  content  from  0.0002 
to  0.040  weight  per  cent,  but  decreased  on  further  increase  in  sulfur  content 
to  0.40  weight  per  cent.  This  is  illustrated  in  the  photographs  of  Figure  13 
arid  in  the  plots  of  Figures  14  and  15.  In  Figure  16,  it  is  shown  that,  in 
the  absence  of  "sea  salt",  increase  in  fuel  sulfur  content  had  no  significant 
effect  on  the  tensile  properties  of  Sierra  Metal  200. 

It  can  be  concluded  that,  under  the  2000  F  operating  conditions, 
and  in  the  absence  of  "sea  salt",  fuel  sulfur  content  had  essentially  no  effect 
on  the  hot  corrosion  of  Inconel  713C  and  Sierra  Metal  200. 

c.  "Sea  Salt"  Corrosion 


Ip.  the  essential  absence  of  sulfur  in  the  fuel  (0.0002  weight  per 
cent  sulfur),  metal  weight  loss  from  Inconel  713C  was  not  increased  by  the 
presence  of  1.50  ppm  "sea  salt"  in  the  combustor  air  but  was  markedly  increased 
by  the  presence  of  15.0  ppm  "sea  salt".  This  is  indicated  graphically  in 
Figures  10  and  11.  The  photographs  of  Figure  9  show  that  metal  loss  was 
characterized  by  patches  of  attack  and  pitting,  i.e.,  localized  corrosion  taking 
the  form  of  cavities  at  the  surface. 
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TABLE  XII 

SUMMARY  OF  WEIGHT  LOSS  AND  TENSILE  PROPERTY  DATA  ON 
INCONEL  713C  TEST  SPECIMENS 
(2000  F  TEST  CONDITIONS) 

A.  METAL  WEIGHT  LOSS.  MS. 


_ Weight  Loss,  mg  (Geometric  Means) 

Sulfur  in  _ "Sea  Salt11  in  Air,  ppm _ 


Fuel,  Wt.  % 

0.0 

1.50 

15.0 

0.0002 

10.1  *  22.7  *  45.6 

9.3  *  18.7  *  37.6 

357  *717  *1440 

0.040 

8.2  *  16.4  -  33.0 

49.5  *  99.4  *  200 

431  *  866  *  1740 

0.40 

6.2  ^  12.5  *  25.0 

66.5  *  134  *  268 

863  -  2130  4290 

lower  confidence  limit  -  geometric  mean  *5  upper  confidence  limit 


Analyses  of  variance  indicated  a  significant  sulfur  x  "sea  salt" 
interaction.  Comparisons  of  ratios  of  weight  losses  for  (l)  sulfur  concen¬ 
trations  with  fixed  "sea  saltiL concentrations  and  (2)  "sea  salt"  concentra¬ 
tions  with  fixed  sulfur  concentrations  indicated  the  following: 

(1)  At  0.0  ppm  "sea  salt",  fuel  sulfur  concentration  did  not  affect  weight 
loss. 

(2)  At  1.50  ppm  "sea  salt",  weight  loss  was  significantly  lower  with  0.0002 
per  cent  fuel  sulfur  than  with  0.040  or  0.40  per  cent  fuel  sulfur. 

(3)  At  15.0  ppm  "sea  salt",  weight  loss  was  significantly  lower  with  0.0002 
per  cent  fuel  sulfur  than  with  0.40  per  cent  sulfur. 

(4)  At  a  constant  level  of  sulfur  content,  weight  loss  increased  with  increase 
in  "sea  salt"  concentration  except  that  at  0.0002  per  cent  sulfur,  there 
was  no  significant  difference  on  increasing  "sea  salt"  from  0.0  tc  15.0  ppm. 

(5)  Changes  in  "sea  salt"  concentration  had  a  much  greater  effect  on  weight 
loss  than  changes  in  percentage  sulfur.  The  maximum  increase  for  a  change 
in  fuel  sulfur  was  7  times  for  an  increase  from  0.0002  to  0.40  per  cent 
sulfur  at  1.50  ppm  "sea  salt"  while  the  maximum  increase  for  a  change  in 
"sea  salt"  was  170  times  for  an  increase  from  0.0  to  15.0  ppm  "sea  salt" 
at  0.40  per  cent  fuel  sulfur. 
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TABLE  XII  (Cont'd) 

B.  TENSILE  PROPERTIES 


Ultimate  Tensile 
Strength .  ( a)lb/lnAlCT3 


Per  Cent 
Elongation'*) 


Ultimate 

lb  x  10“3 


Fuel,  Wt.  % 

0.0 

1.50 

15.0 

ooa  oaxu 

0.0 

■■  in  an 

1.50 

■»  PPft 
15.0 

0.0 

1.50 

15.0 

0.0002 

121.0 

122.5 

116.8 

7.21 

9.92 

5.58 

1.945 

1.975 

1.660 

0.040 

121.2 

122.2 

110.8 

6.61 

7.52 

5.05 

1.852 

1.905 

1.585 

0.40 

131.8 

117.8 

114.5 

9.32 

5.67 

4.87 

2.062 

1.790 

1.440 

"Sea  Salt" 
Mean 

124.7 

120,8 

114.0 

7.71 

7.71 

5.17 

1.953 

1.890 

1.562 

(a)  Values  for  new  metal  specimens  were:  Ultimate  tensile  strength  =  121.6  x  1(P 
lb/in.  ;  Per  cent  elongation  =  7.86  per  cent;  Ultimate  load  ■=  1.879  x  103  lb. 


Analyses  of  variance  and  comparisons  of  means  with  calculated  least  sig¬ 
nificant  differences  indicated  the  following: 

(1)  Change  in  sulfur  content  of  the  fuel  had  no  significant  effect  on  tensile 
properties. 

(2)  Change  in  "sea  salt"  concentration  (a)  from  0.0  to  1.50  ppm  had  no  signifi¬ 

cant  effect,  (b)  from  0.0  to  15.0  ppm  had  a  significant  effect  on  all  three 
measured  tensile  properties  such  that  each  decreased  with  increase  in  "sea 
salt"  concentration.  — 

(3)  There  was  no  significant  sulfur  x  "sea  salt"  interaction. 
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TABLE  XIII 

SUMMARY  OF  WEKSHT  LOSS  AND  TENS  115  PROPERTY  DATA  ON  SIERRA  METAL  200  TEST 

SPECIMENS  (2000  F  TEST  CONDITIONS) 

A.  METAL  WEIGHT  LOSS.  MS. 

_ Weight  Loss,  nut  (Geometric  Means) _ 

Sulfur  in  _ _ "Sea  Salt"  in  Air,  ppm _ 

Fuel.  Wt,  %  0.0  1.50 _  15.0 _ 

0.C002  50.7  ^120^  282  762  -  1790  £  4240  1760  *  JJ.50  *  9790 

0.040  262  ^  617  -  1470  207  -  485  -  1150  930  ^  2190  ^  5280 

0.40  42. 8£  101  <  238  108  ^  256  ^  603  191  ^  450  ^  1060 

lower  confidence  limit  -  geometric  mean  'S  upper  confidence  limit 

Analyse a  of  variance  indicated  a  significant  sulfur  x  "sea  water" 
interaction.  Comparisons  of  ratios  of  weight  loss  for  (a)  sulfur  concentra¬ 
tions  with  fixed  "sea  salt"  concentrations  and  (b)  "sea  salt"  concentrations 
with  fixed  sulfur  concentrations  indicated  the  following: 

(1)  At  0.0  ppm  "sea  salt",  weight  loss  increased  significantly  with 
Increase  in  fuel  sulfur  from  0.0002  to  0.040  per  cent  and  decreased 
with  Increase  in  fuel  sulfur  from  0.040  to  0.40  per  cent. 

(2)  At  1.50  ppm  "sea  salt",  weight  loss  with  0.040  or  0.40  per  cent 
sulfur  was  significantly  less  than  with  0.0002  per  cent  sulfur. 

(3)  At  15.0  ppm  "sea  salt",  weight  loss  with  0.40  per  cent  sulfur  was 
significantly  less  ihan  with  0.0002  or  0.040  per  cent  sulfur. 

(4)  With  increasing  sulfur  concentration,  weight  loss  decreased  signific¬ 
antly  or  was  directionally  lower  except  for  a  significant  Increase 
in  weight  loss  with  increase  in  sulfur  from  0.0002  to  0.040  per  cent 
at  0  ppm  "sea  salt". 

(5)  At  0.0002  per  cent  sulfur,  weight  loss  increased  significantly  on 
increasing  "sea  salt"  from  0.0  to  either  1.50  or  15.0  ppm. 

(6)  At  0.040  per  cent  sulfur,  weight  loss  increased  significantly  on  increasing 
"sea  salt"  from  0.0  to  15.0  or  from  1.50  to  15.0  ppm. 

(7)  At  0.40  per  cent  sulfur,  weight  loss  increased  significantly  on 
increasing  "sea  salt"  from  0.0  to  15.0  ppm. 

(8)  With  increasing  "sea  salt"  concentration,  weight  loss  increased 
significantly  or  was  directionally  higher  except  for  a  non-signific¬ 
ant  decrease  with  increase  in  "sea  salt"  from  0.0  .to  1.50  ppm  at 
0.040  per  cent  sulfur. 


(Continued) 
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TABLE  nil  (Continued) 

B,  TENSILE  PROPERTIES (») 

Ultimate 

V«-  •'’-la  Strength,  ft>)  Per  Cent  Ultimate 

„  ,  — Jto/ln.t,*xl0-3 _  Elongation  00  _Load.  lb  x  10~3 

Sulfur  in  _ "Sea  Salt"  in  Air,  pan _ 


Fuel.  tft.  % 

0f0 

3f?0 

i?fo 

0.0 

1.50 

15.0 

0.0 

1*50 

15  tO 

0.0002 

124.0 

110.5 

78.0 

16.75 

12.25 

9.00 

1.820 

1.316 

0.484 

0.040 

111.0 

111.2 

59.2 

15.00 

14.75 

7.25 

1.542 

1.566 

0.605 

0.40 

109.0 

108.5 

106.0 

14.75 

14.75 

11.75 

1.622 

1.511 

1.612 

"Sea  Salt" 

Mean 

15.5 

13.9 

9.3 

(a)  Examination  of  the  break,  after  pulling,  indicated  a  crack  with  5  of  the 
12  specimens  exposed  to  15  ppm  "sea  salt"  and  with  2  of  the  12  specimens 
exposed  to  1.50  ppm  "sea  salt". 

(b)  Values  for  new  metal  specimens  were:  Ultimate  tensile  strength  “  136.0  x 
lCr  lb/in. 2;  Per  cent  elongation  ■  17.1  per  cent;  Ultimate  load  “  2.056  x 
103  lb. 

Analyses  of  variance  and  comparisons  with  calculated  least  signific¬ 
ant  differences  Indicated  the  following: 

(1)  There  was  a  significant  sulfur  x  "sea  salt"  interaction  effect 
on  ultimate  tensile  strength  and  ultimate  load  but  not  on 

per  cent  elongation. 

(2)  At  all  levels  of  "sea  salt",  sulfur  concentration  had  no 
significant  effect  on  per  cent  elongation. 

(3)  At  0.0  and  1.50  ppm  "sea  salt",  sulfur  concentration  had  no 
significant  effect  on  ultimate  tensile  strength  and  ultimate 
load. 

(4)  At  15.0  ppm  "sea  scJLt",  ultimate  tensile  strength  and  ultimate 
load  were  significantly  lower  with  0.0002  and  0.040  than  with 
0.40  per  cent  sulfur. 

(5)  Afcl5.0  ppm  "sea  salt",  per  cent  elongation  was  significantly 
lower  than  with  0.0  and  1.50  ppm  "sea  salt".  It  was  also 
directionally  lower  at  1.50  ppm  than  at  0.0  ppm  "sea  salt". 

(6)  At  0.0002  per  cent  sulfur,  ultimate  tensile  strength  was  signific¬ 
antly  lower  with  15  ppm  than  with  0.0  or  1.50  ppm  "sea  salt"  and 
ultimate  load  decreased  significantly  on  increase  in  "sea  Salt" 
from  0.0  to  1.50  to  15.0  ppm. 

(7)  At  0.040  per  cent  sulfur,  ultimate  tensile  strength  and  ultimate 
load  were  significantly  lower  with  15.0  than  with  0.0  or  1.50  ppm 
"sea  salt". 

(6)  At  0.40  per  cent  sulfur,  "sea  salt"  concentration  had  no  significant 
effect  on  ultimate  tensile  strength  or  ultimate  load. 
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.  12>  it.  »ay  be  seen  that  in  the  essential  absence  of 

sulfur,  there  was  no  directional  trend  in  change  of  tensile  properties  of 
Inconel  713C  with  increase  in  "sea  salt"  concentration.  This  indicates  that 
"sea  salt"  attack  was  at  the  surface  of  the  metal  with  no  deep  intergranular 
penetration. 

With  only  0.0002  weight  per  cent  sulfur  in  the  fuel,  metal  weight 
loss  from  Sierra  Metal  200  irj creased  rapidly  with  increase  in  concentration 
of  "sea  salt"  in  the  combustor  air  as  illustrated  in  Figures  14  and  15.  The 
photograph  of  Figure  13  shows  that  this  loss  was  characterised  by  metal  wastage 
and  thinning  of  the  test  specimen  indicating  gross  attack  of  the  metal  on  a 
broad  front. 


As  shown  in  Figure  16,  with  essentially  no  sulfur  present  in  the 
fuel,  there  is  a  loss  in  tensile  properties  as  "sea  salt"  is  added  to  the 
combustor  air.  This  indicates  that  there  was  preferential  attack  at  the 
grain  boundaries,  introducing  localised  stress  concentrations  and  resulting 
in  corrosion  fatigue. 


From  the  above  metal  weight  loss  data,  it  is  obvious  that  high 
(41  mg/eafi  or  7.6  per  cent  for  the  5-hour  test)  hot  corrosion  can  occur  with^ 
Inconel  713C,  and  excessive  (235  mg/cm2  or  42.7  per  cent  for  the  5-hour  test) 
hot  corrosion  can  occur  with  Sierra  Metal  200  in  a  saline  atmosphere  with 
essentially  sulfur-free  fuel  under  2000  F  test  conditions. 


d.  Combined  Sulfur-" Sea  Salt"  Corrosion 

It  has  been  shown  in  Seotion  II-D2  that  there  was  a  significant 
sulfur  x  "sea  salt"  interaction  on  metal  weight  loss  frem  both  Inconel  713C  and 
Sierra  Metal  200.  Referring  to  Figures  10  and  11,  it  is  seen  that,  in  the 
case  of  Inconel  713C,  the  highest  level  of  hot  corrosion  occurred  when  "sea 
salt"  in  the  combustor  air  and  sulfur  in  the  fuel  were  both  at  their  maximum 
concentrations . 

Figure  12  shows  no  combined  sulfur-” sea  salt"  effect  on  the  tensile 
properties  of  Inconel  713C. 

In  the  case  of  Sierra  Metal  200,  Figure  14  and  15  show  that  maximum 
metal  weight  loss  occurred  when  "sea  salt"  in  the  combustor  air  was  at  its 
maximum  and  sulfur  in  the  fuel  at  its  minimum  concentration. 

In  Figure  16,  it  is  shown  that  sulfur  had  an  inhibiting  effect  on 
the  change  in  tensile  properties  of  Sierra  Metal  200. 


From  these  data,  it  can  be  observed  that  sulfur  and  "sea  salt"  can 
have  varied  effects  on  hot  corrosion  with  sulfur  in  the  presence  of  "sea  salt" 
promoting  corrosion  of  Inconel  713C  and  inhibiting  corrosion  of  Sierra  Metal 
200  at  the  2000  F  operating  conditions. 


e.  Metallography 

In  order  to  determine  whether  hot  corrosion  experienced  at  the  2000  F 
test  condition  was  a  deep  intergranular  penetration  photomicrographs  of  the 
specimens  were  made.  Figures  17  (at  100  X)  and  IS  (at  600  X)  show  photomicro¬ 
graphs  of  Inconel  713C  after  exposure  to  various  test  conditions  and  after 
cathodic  cleaning.  It  may  be  noted  that  surface  oxidation  was  general,  with 
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no  preferential  attack  on  tha  grain  boundaries  of  the  stress -corrosion  type. 
The  hot  corrosion  appears  to  attack  tha  entire  surface  of  the  specimen. 

Photomicrographs  of  the  Sierra  Metal  200  specimens  after  exposure  to  hot 
corrosion  at  the  2000  P  test  conditions  are  shorn  in  Figures  19  (at  100  X) 
and  20  (at  6 00  X).  It  may  be  noted  that  with  15  ppm  "sea  salt”  at  the  various 
levels  of  sulfur,  hot  corrosion  attack  was  several  grains  deep.  There  is 
some  evidence  of  sulfur  attack,  as  shown  by  the  gray  specks  at  .the  metal- scale 
interface  in  Figure  20,  under  the  high  "sea  salt"  ingestion  conditions.  This 
material  is  usually  identified  as  chromium  sulfide.  The  phot oeiicro graphic 
evidence  of  relatively  deep  attack  plus  the  reduction  in  tensile  strength 
suggests  that  the  "sea  salt"  affected  the  internal  structure  of  the  Sierra 
Metal  200. 


4.  Con elusions 

The  following  statements  can  be  made  concerning  the  effects  of  sulfur 
in  the  fuel  and  "sea  salt"  in  the  air  on  the  hot  corrosion  of  the  superalloys 
Inconel  713C  and  Sierra  Metal  200  under  the  conditions  described  In  Section 
II-D1. 

1.  Q;yjdation  and  erosion  were  minor  in  the  absence  of  sulfur 
and  "sea  salt". 

2.  Sulfur  had  little  or  no  effect  on  hot  corrosion  in  the 
absence  of  "sea  salt". 

3.  "Sea  salt"  accelerated  hot  corrosion,  even  in  the  absmaoe 
of  sulfur,  in  some  instances  to  catastrophic  levels. 

4.  Sni fur  t  "sea  salt"  interactions  were  significant;  but,  while 
hot  corrosion  of  Inconel  713C  was  accelerated,  hot  corrosion 
of  Sierra  Metal  200  was  inhibited. 

5.  Decreasing  sulfur  concentration  in  the  futl  from  the  current 
JP-5  specification  maximum  of  0.40  to  0.040  weight  per  cent, 
did  not  reduce  hot  corrosion  in  the  presence  of  "sea  salt" 
significantly. 
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FIGURE  20 

PHOTOMICROGRAPHS  AT  600X  OF  SIERRA  METAL  200  TEST  SPECIMENS 
AFTER  EXPOSURE  TO  HOT  GAS  CORROSION  IN  PHILLIPS  2  -  INCH  COMBUSTOR 

AT  2000  F  TEST  CONDITION 
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To  obtain  information  on  the  mechanise  of  hot  corrosion,  a  limited 
number  cf  supplementary  tests  were  made  to  evaluate  the  effect  of  temperature 
on  weight  loss  and  composition  of  the  scale  and  to  study  the  effect  of  sodium 
on  hot  corrosion  in  an  essentially  sulfur-free  system.  X-ray  diffraction  analyses 
worm  also  made  of  the  scale  from  seme  of  the  specimens  from  the  2000  F  tests. 

1.  Effect  of  Temperature  on  Hot  Corrosion 

In  the  investigation  of  the  effect  of  temperature  on  hot  corrosion, 
tests  similar  to  those  described  in  Section  II-D1,  were  run  at  exhaust  gas 
temperatures  of  1500,  1750  and  2000  F  under  the  conditions  listed  in  Table  XI. 

The  temperatures  1500  and  1750  bracket  the  f reeling  point,  1623  F,  of  sodium 
sulfate  (Na^SOj^).  They  were  selected  on  the  basis  of  the  premise  that  it 
is  Important  whether  the  corrosive  agent  is  in  its  solid  or  liquid  phase. 

This  selection  may  have  been  somewhat  arbitrary  since  sodium  chloride  freeies 
at  1434  F  and  the  45/55  per  cent  eutectic  of  sodium  sulfate-sodium  chloride 
freeees  at  1153  F. 

In  the  tests.  Inconel  7130  specimens  were  used,  the  sulfur  content 
of  the  fuel  was  0.40  weight  per  cent  and  the  "sea  salt"  concentration  in  the 
combustor  air  was  15.0  ppm.  A  single  test  was  made  at  each  temperature  and 
one  specimen  was  used  for  weight  loss  measurement  and  the  other  for  X-ray 
diffraction  analyses  of  the  scale  and  for  photomicrographs.  The  test  data 


are  given  in  the  following  Table  HV. 

T/BLE  XIV 

3TFBCT  OF  EXHAUST  CAS  TEMPERATURE  ON  HOT  CORROSION  OF  INCONEL  713C 

Exhaust  Gas  Metal  Loss, 

Temp..  F  _ X-ray  Diffraction  Analyses  of  Scale  Wt.  per  cent 

1500  KajSO^  (Thenardite),  MgO  (Periclase)  10.0 

1750  MgO  (Periclase),  (Thenardite),  Ni,  Fe(Josephinite)  0.4 

2000  NIO  (Bunsenite),  MgO  (Periclase),  Na2S0^  (Form  III)  25.8 


As  shown  in  this  table,  metal  weight  loss  did  not  increase  linearly 
with  temperature.  This  suggests  that  a  change  in  the  mechanism  of  hot  corrosion 
Is  Involved.  Photographs  of  the  specimens  before  and  after  cathodic  cleaning 
are  shewn  in  Figure  21.  The  amount  and  appearance  of  the  deposits  as  well 
as  the  scale  or  deposit  composition  are  different  at  the  low  and  high  exhaust 
gas  temperatures.  At  1500  F,  there  was  a  thick  coating  of  scale  on  the  un¬ 
cleaned  specimen  and  the  weight  loss  was  10  per  cent.  This  temperature  is 
below  the  freezing  points  of  Na^^SO^  and  MgO  which  accounts  for  the  heavy 
build-up  of  deposits  from  the  "sea  salt".  No  material  could  be  identified 
as  a  corrosion  product.  At  1750  F,  the  scale  was  very  thin  and  the  metal  loes 
was  very  low  (0.4  per  cent).  Since  this  temperature  ia  above  the  freezing 
point  of  Na^O. ,  a  major  portion  of  the  deposit  was  washed  from  the  specimen 
3j  the  high  velocity  exhaust  gases.  The  minor  amount  of  Joseph inite  may  have 
resulted  from  contamination  from  other  metal  in  the  burner  system  since  the 
weight  loss  was  low.  At  2000  F,  the  ccjting  of  scale  was  thin,  but  the  attack 
on  the  specimen  was  heavy  as  indicated  by  the  weight  lose  and  the  photograph 
Df  the  cathodically  cleaned  specimen.  This  high  metal  weight  lose  (25.8  per  cent) 
was  associated  with  a  change  in  scale  composition  with  the  major  constituent 
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being  NiO  and  with  Na^SO^  changing  frcm  Thenardite  to  Form  III.  The  large 
effect  of  tmnperature  shown  above  merits  further  investigation. 

Photomicrographs  (at  600  X)  of  the  heavily  corroded  test  specimens 
at  1500  F  and  2000  F  are  shown  in  Figcre  22.  The  attack  at  1500  F  is  character¬ 
istic  of  sulfidation,  with  randomly  distributed  internal  gray  globules  of 
chromium  sulfide.  However,  at  2000  F,  where  the  met'U.  is  no  longer  covered 
by  a  heavy  layer  of  sodium  sulfate,  there  is  little  evidence  of  sulfidation. 
Generally,  a  black  oxide  lace  is  found  at  the  surface  of  the  metal;  however, 
in  some  areas,  as  shown,  the  attack  is  led  by  a  very  fine  grained  structure 
of  sulfides.  This  2000  F  specimen  differs  frcm  that  shown  in  Figure  18, 
in  that  it  was  not  cathodically  cleaned.  These  findings  indicate  that  the 
characteristic  sulfidation  attack  at  1500  F  gives  way  to  gross  oxidation  at 
higher  temperatures  where  the  metal  is  no  longer  covered  by  a  heavy  deposit  of 
sodium  sulfate.  However,  the  patches  of  attack,  with  pitting  at  2000  F  still 
indicate  localized  areas  of  sulfidation. 

2.  X-Ray  Diffraction  Analysis 

7' ray  diffraction  analyses  were  made  of  the  scale  on  Inconel  713C 
specimens,  tested  under  the  2000  F  conditions  with  (a)  0.040  per  cent  fuel 
sulfur.  15.0  ppm  "sea  salt",  (b)  0.40  per  cent  fuel  sulfur,  15  ppm  "sea  salt" 
and  (c;  0.40  per  cent  fuel  sulfur,  1.50  ppm  "sea  salt".  X-ray  diffraction 
patterns  were  identical  for  all  of  these  conditions.  The  deposits  were 
chiefly  Bunsenite  (NiO).  Other  weaker  diffraction  lines  were  not  identified. 
There  was  no  evidence,  from  the  X-ray  diffraction  analyses,  of  sulfide  compounds 
in  the  corrosion  products.  This  does  not  eliminate  the  possibility  of  the 
presence  of  sulfides  since  X-ray  diffraction  techniques  are  somewhat  insensi¬ 
tive  to  small  concentrations  of  sulfides  and  sulfides,  if  present,  would  be 
expected  only  adjacent  to  the  metal  where  an  overlay  of  deposit  provides 
protection  from  oxygen  in  the  gas  stream.  Further  investigations  are  needed 
in  this  area. 

More  extensive  X-ray  diffraction  data  were  obtained  on  corrosion 
products,  under  the  2000  F  operating  conditions,  from  Sierra  Metal  200. 

These  data  are  given  in  Table  XV. 

TABLE  XV 

X-RAI  DIFFRACTION  ANALYSIS  OF  SIERRA  METAL  200  CORROSION  PRODUCTS 


"Sea  Salt" ,  ppm 

Sulfur.  % 

0.0 

1.50 

15.0 

0.0002 

No  XRD  data 
(2%  wt.  loss) 

NiO  (a).  NapWOA  (b) 
Fe(AlCr)20.  (c) 

(18%  wt.  loss) 

NiO,  NaoW04 
Fe(AlCrT20i 
(45^  wt.  loss) 

0.040 

No  XRD  data 
( 7 %  wt.  loss) 

NiO 

Fe(AlCr)20, 

(5%  wt.  loss) 

NiO,  Na2W0. 
Fe(AlCr)20, 

(22^  wt.  loss) 

0.40 

Ni,  Fe  (d) 
y -FeoO, 

(l£  wt.  loss) 

NiO 

Fe(AlCr)20 
(2%  wt.  loss) 

NiO 

Fe (AlCr)20. 

(5%  wt.  loss ) 

(a)  NiO  -  Bunsenite;  (b)  NapWO^  -  Sodium  Tungstate;  (c)  FeCAlCr)^^  -  A lum in lan 
Chromite;  (d)  Ni,  Fe  -  Josephinite;  y  -Fe-j 0^  -  Maglenite 
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FIGURE  22 

PHOTOMICROGRAPHS  OF  INCONEL  713C  TEST  SPECIMENS 
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Shown  with  the  X-ray  diffraction  analysis  data  are  metal  weight 
losses  which  occurred  under  the  sulfur  x  "sea  salt"  conditions  indicated. 

In  all  cases  where  "sea  salt"  was  present  NiO  was  the  major  constituent  of  the 
scale.  Of  particular  interest  is  the  occurrence  of  sodium  tungstate  (Ka2W0,) 
whenever  the  weight  loss  was  IS  per  cent  or  above.  In  the  essential  absence 
of  sulfur,  Na^O,  is  formed  with  1.50  ppm  "sea  salt"  in  the  combustor  air; 
however,  with  0.040  per  cent  sulfur  in  the  fuel  NaJ*0,  is  not  present  and 
metal  weight  loss  is  greatly  reduced.  Likewise,  with 415.0  ppm  "sea  salt", 
increasing  fuel  sulfur  from  0.040  to  0.40  per  cent  eliminated  and 

markedly  reduced  weight  loss.  From  these  observations,  it  may  be  postulated  that 
sulfur  in  the  fuel  reacts  with  "sea  salt"  in  the  combustor  air  to  prevent  the 
formation  of  Na^WO^. 

A  more  complete  investigation  of  corrosion  products  might  show 
the  reason  for  the  obvious  differences  in  sulfur  x  "sea  salt"  attack 
and  elucidate  the  differences  in  the  mechanism. 

3.  Sodium  Corrosion 

In  the  study  of  the  effect  cf  sodium  on  hot  corrosion,  tests  were 
run  under  the  2000  F  conditions  described  in  Section  II-D1  with  essentially 
sulfur-free  fuel  (0.0002  weight  per  cent  or  2  ppm).  Sodium  was  introduced 
in  the  form  of  "sea  salt",  sodium  chloride  or  sodium  hydroxide.  The  "sea 
salt"  concentration  was  15  ppm  in  the  combustor  air.  The  other  sources 
of  soditmt  were  Introduced  in  concentrations  to  maintain  equivalent  sodium 
content,  namely  9  ppm  of  sodium  chloride  and  6  ppm  of  sodium  hydroxide. 

The  data  obtained  are  shown  in  Table  XVI, 

TABLE  XVI 

EFFECT  OF  VARIOUS  SODIUM  CONTAINING  COMPOUNDS  ON  HOT  GAS  CORROSION 


Additive 

None^a^  .  y 
"Sea  Salt"'*' 

Sodium  Chloride (b' 

None^®^  . 

"Sea  Salt"U'  , 

Sodium  Chloride'^' 

Sodium  Ffydroxido^'0) 

(a)  Base  line  data. 

(b)  Added  at  a  concentration  to  obtain  a  comparable  level  of  sodium  as  found 
in  "sea  salt". 

(c)  About  90  per  cent  of  the  specimen  was  corroded  away  in  four  hours  at  which 
time  the  test  was  terminated. 

It  is  seen  that  substitution  of  sodium  chloride  for  "sea  salt" 
increases  hot  corrosion  of  Inconel  7130.  This  suggests  that  materials 
present  in  "sea  salt"  such  as  non-aggressive  alkaline  earths  or  passive 
sulfates  retard  the  corrosive  attack  of  sodium.  Nickel  oxide  and  aluminian 
chromite  ^eCAlCr)^^  were  identified  by  X-ray  diffraction  of  the  deposits  when 
sodlms  chloride  was  introduced  in  the  combustor  air,  with  NiO  being  the  major 
component . 


Additive 

Sulfur 

Sup>er 

Concentration 

In  Fuel 

Alloy 

None 

2  ppm 

713C 

15  ppm  in  air 

2  ppm 

713C 

9  ppm  in  air 

2  ppm 

713C 

None 

2  ppm 

SM  200 

15  ppm  in  air 

2  ppm 

SM  200 

9  ppm  in  air 

2  ppm 

SK  200 

6  ppm  in  air 

2  ppm 

SM  200 

Weight  X-Ray  Diffraction 
Loss,#  Analysis  of  Scale 

0.2  - 

8#7  — 

14.2  NiO,  Fe(AlCr)204 

1.2  - 

42.7  Ni0,Na2W0,,Fe(AlCr)204 
43-7  Ni0,Na2W0, ,Fe(AlCr)20, 
100(c)  Ni0,Na2W04,Fe(AlCr)204 
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With  Sierra  Metal  200,  substitution  of  sodium  chloride  for  "sea 
salt"  had  essentially  no  effect  on  metal  weight  loss.  However,  sodium 
hydroxide,  NaOH,  was  much  more  severe  than  "sea  salt"  or  soditaa  chloride 
with  respect  to  metal  weight  loss.  It  is  interesting  to  note  that  the  same 
corrosion  products  were  identified  by  X-ray  diffraction  for  each  of  the 
three  sodium  systems.  This  suggests  that  the  same  mechanism  of  attack  was 
involved  in  all  three  cases.  While  the  mechanism  of  NaOH  attack  is  unknown, 
it  may  be  that  excessive  corrosion  was  caused  by  active  oxygen  from  sodium 
peroxide,  Na^O?,  or  it  may  be  that  sodium  hydroxide  forma  a  fused  salt  of 
greater  solubility  for  the  protective  scale  and  thus  clears  the  base  metal 
for  accelerated  attack. 

From  these  data  it  is  quite  apparent  that  catastrophic  corrosion 
may  be  experienced  in  an  essentially  sulfur- free  environment . 

F .  RECOMMENDATIONS 


This  study  was  made  to  determine  whether  the  maximum  sulfur  limit 
of  0.4  weight  per  cent,  currently  allowed  in  grade  JP-5  aviation  turbine 
fuel,  is  a  safe  level  for  the  protection  of  turbine  blade  alloys  used  in 
advanced  engines.  If  not,  information  was  sought  to  show  whether  a 
reduction  in  the  sulfur  specification  limit  would  alleviate  hot  corrosion 
significantly.  However,  the  complex  Interaction  found  with  ingested  "sea 
water"  does  not  allow  for  either  recommendation  without  additional 
information. 

This  study  does  not  indicate  a  need  for  precipitate  action  to 
reduce  the  maximum  sulfur  limit  of  0.4  weight  per  cent,  currently  allowed 
in  grade  JP-5  aviation  turbine  fuel.  Both  of  the  nickel-base  alloys  used 
in  this  study  showed  good  resistance  to  oxidation,  erosion,  and  sulfidation  - 
in  the  absence  of  "sea  salt".  However,  catastrophic  "sea  salt*  corrosion 
was  encountered  with  both  superalloys,  in  some  Instances.  A  significant 
sulfur  x  "sea  salt"  interaction  was  shown  by  both  superalloys;  but,  while 
hot  corrosion  of  Inconel  713C  was  accelerated,  hot  corrosion  of  Sierra  Metal 
200  was  inhibited.  The  catastrophic  level  of  corrosion  encountered  with 
Inconel  713  C  at  high  "sea  salt"  x  sulfur  concentrations  was  reduced  to  a 
negligible  level  by  a  drop  in  exhaust  gas  temperature  frcm  2000  to  1750  F, 
indicating  the  prime  importance  of  operating  temperature.  Therefore,  it  is 
recommended  that  this  study  be  extended  to  obtain  more  complete  data,  covering 
additional  superalloys,  evaluated  over  a  range  in  exhaust  gas  temperature. 

Details  of  a  program  for  this  purpose  have  been  outlined  (18). 

The  proposal  is  to  employ  a  statistically  designed  program  to  study  the  hot 
corrosion  of  Inco  713C,  SK-200,  IN-100,  Udimet  500,  WI  52  and  Inco  713C 
coated  with  Misco  No.  KDC-1  with  exhaust  gas  temperatures  of  1800,  2000  and 
2200  F,  a  combustor  inlet  air  pressure  of  15.0  atmospheres  and  an  exhaust 
gas  velocity  of  500  ft/sec  at  the  location  of  the  test  specimens.  It  is 
planned  to  use  fuel  sulfur  contents  of  0.0002,  0.040  and  0.40  and  "sea  salt" 
concentrations  of  0  and  10.0  ppm  in  the  ccmbustor  air. 

Measurements  of  weight  loss  and  change  in  tensile  properties  and 
metallographic  evaluation  would  be  supplemented  by  analysis  of  corrosion 
products  using  X-ray  diffraction.  X-ray  fluorescence  and  emission  soectroscopy. 
In  addition,  measurements  of  exhaust  gas  temperature  by  thermo  couples,  and 
subsequent  calculation  of  combustion  efficiency,  would  be  augmented  by 
determination  of  exhaust  gas  composition  using  gas  chromatography. 
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Six,  rather  than  two,  specimens  would  be  exposed  to  hot  gases 
in  each  test  using  three  test  specimen  holder's  stacked  in  series  and  successively 
rotated  to  prevent  channeling  of  gas  flow.  This  system  of  cascade  testing 
would  subject  downstream  specimens  to  corrosion  products  not  normally  in 
the  exhaust  gas,  as  would  be  the  case  in  a  multi-stage  turbine. 

Another  modification  of  the  procedure  used  in  the  studies 
described  in  the  present  report  would  be  an  improved  method  of  preparing 
specimens  for  measurement  of  tensile  properties.  Reduction  to  cross 
section  would  be  accomplished  by  drilling  a  1/8  in.  diameter  hole  in  the 
center  of  the  specimen  rather  than  by  filleting.  Thus,  the  usually  more 
highly  corroded  edges  would  be  retained.  TLj.s  would  permit  a  more  sensitive 
evaluation  of  over-all  damage,  reflecting  both  intergranular  attack  and 
loss  in  cross-sectional  area. 


III.  FLAME  RADIATION 

A.  TEST  EQUIPMENT 

1.  Phillips  Microbumer 

The  Phillips  Microbumer  (38)  was  developed  to  provide  a  bench- 
scale  apparatus  for  measuring  the  combustion  characteristics  of  hydro¬ 
carbon  fuels  under  turbulent  flow  conditions  simulating  those  in  aircraft 
turbine  engines.  It  has  been  used  primarily  for  measuring  the  combustor 
deposit  (carbon)  and  smoke  (soot)  forming  tendencies  of  aviation  turbine 
fuels  (33),  and  to  a  limited  extant  for  determining  flame  radiation 
characteristics  of  such  fuels  (22). 

The  Microbumer  is  shown  in  the  photograph  of  Figure  23  and  in 
Figure  24.  It  consists  of  a  Vycor  glass  tube  1.5  inches  in  diameter,  and 
eight  inches  long,  supported  by  the  metal  base  shown  in  Figure  25.  Air  at 
elevated  temperature  is  admitted  through  this  base  where  the  air  is  split 
into  about  75  per  cent  tangential  flow  and  25  per  cent  axial  flow  by  means 
of  a  swirl  ring  and  axial  air  inlets.  The  fuel  is  introduced  under  nitrogen 
pressure  and  is  atomised  by  discharging  it  from  an  orifice  type  fuel  nozzle 
into  the  highly  turbulent  axial  air  stream.  This  normally  results  in 
essentially  complete  vaporization  of  the  fuel  before  it  enters  the  combustion 
zone. 


The  fuel  vaporizer  tube  is  positioned  in  the  Vycor  combustion 
chamber  by  means  of  a  taper  cut  on  its  lower  end  which  mates  with  a  female- 
tapered  tube  holder  placed  at  the  center  of  the  swirl  ring.  This  mounting 
permits  easy  removal  of  the  tube  for  replacement  or  for  weighing  when 
deposits  are  being  measured. 

Initial  ignition  is  by  means  of  a  miniature  spark  plug  swept  by 
propane  vapor.  A  schematic  diagram  of  the  flow  system  and  instrumentation 
is  shown  in  Figure  26,  while  Figure  27  shows  the  control  panel. 


PHILLIPS  MICROBURNER  AND  AUXILIARY  EQUIPMENT 
FOR  STUDY  OF  FLAME  RADIATION 


2 


FIGURE  24 

PHILLIPS  MICROBURNER  SET  UP  FOR  MEASUREMENT  OF  FLAME  RADIATION 


FUEL  ATOMIZING  AND  VAPORIZING  ASSEMBLY 


FIGURE  25 
EXPLODED  VIEW  OF 
PHILLIPS  MICROBURNER 


FIGURE  26 

SCHEMATIC  FLOW  DIAGRAM  OF  PHILLIPS  MICROBURNER  TEST  FACILITY 
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Figure  28  indicates  the  flow  pattern  in  the  vaporizer  tube  and 
combustion  chamber.  The  atomized  and  largely  vaporized  fuel  and  the  axial 
air  are  emitted  from  the  vaporizer  tube.  On  emerging  from  the  tube,  the 
mixture  enters  the  axial  back— flow  of  hot  exhaust  gases  and  is  further 
mixed  and  vaporized.  The  normally  fuel- rich  mixture  is  carried  into  the 
tangential  air  stream  where  a  combustible  mixture  is  foraed.  As  a  result 
of  the  helical  pattern  of  flow,  a  back- flow  is  established  along  the  axis. 
This  induced  free  vortex  flow  pattern  establishes  a  seat  for  the  flame 
in  the  low-velocity  region  of  flow  reversal  and  the  flame  becomes  anchored 
near  the  base  of  the  burner. 

The  Phillips  Microburner  simulates  the  primary  combustion  zone 
of  an  aircraft  turbine  engine  combustor.  It  can  be  operated  on  fuels  of 
widely  varying  characteristics  under  a  broad  range  of  operating  conditions 
at  atmospheric  pressure. 

2.  Equipment  for  Flame  Radiation  Measurements 

Leeds  and  Northrup  No.  8898  fast-response  double-mirror  Rayotubes 
were  employed  in  conjunction  with  a  Leeds  and  Northrup  Speed omax  Type  G 
potentiometric  recorder  to  measure  total  radiant  energy  from  the  flames. 

The  Rayotubes  have  "total  radiation"  thermocouple-type  detectors,  and  were 
modified  by  the  use  of  sapphire  windows  to  allow  transmission  of  significant 
flame  radiation  out  to  a  wavelength  of  5  microns  (30). 

One  Rayotube  (18-inch  focal  length)  was  mounted  directly  above 
the  Microbumer,  as  shown  in  Figure  24.  It  viewed  the  flame  from  an  axial 
position,  through  the  exhaust  gas.  This  location  simulates  that  of  the 
turbine  in  an  aircraft  turbine  engine.  It  provided  a  flame  depth  varying 
from  a  few  inches  to  about  a  foot,  with  the  longer  flames  being  obtained 
at  richer  fuel-air  mixtures.  While  the  greater  depth  of  flame  increased 
emissivity,  the  increased  concentration  of  combustion  products,  especially 
soot,  in  the  exhaust  gas  tended  to  mask  flame  radiation  by  absorption. 

Thus,  the  total,  radiant  energy  measured  at  this  axial  position  is  a  complex 
product  of  flame  emission  and  combustion  product  absorption. 

A  second  Rayotube  (6-inch  focal  length),  also  shown  in  Figure  24, 
was  placed  to  measure  flame  radiation  from  a  transverse  location,  across 
the  flame  tube.  This  location  simulates  that  of  the  combustor  liner  in 
an  aircraft  turbine  engine.  A  direct  view  of  the  flame  was  obtained  through 
a  0.5  in.  diameter  hole  in  the  combustor  wall;  thus,  avoiding  cut-off 
of  transmission  of  infrared  .radiation  at  wavelengths  greater  than  about. 

2  microns  by  the  Vycor  glass  (20).  Another  0.5  in.  diameter  hole  in  the  wall 
opposite  the  view  port  minimized  wall  radiation  effects. 

The  Rayotubes  contain  an  internal  thermal  shunt  to  compensate 
for  their  temperature  coefficient.  In  addition,  error  caused  by  transient 
changes  in  Rayotube  housing  temperature  were  minimized  by  the  use  of  water- 
cooled  jackets  (Leeds  and  Northrup  Std.  13296-A).  These  water-cooled 
mountings  also  served  to  stabilize  the  Rayotubes  below  their  maximum 
operating  temperature  of  300  F. 
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FIGURE  28 

LOW  PATTERN  THROUGH  COMBUSTION  CHAMBER-PHILLIPS  MICROBURNER 
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An  air  nostle  (Leeds  and  Northrop  Std.  3296— U)  was  used  as  part 
of  the  mountings  to  flush  the  sapphire  windows  of  the  Rayotubes  with  clean* 
dry  air  and  prevent  deposit  of  combustion  products.  Such  deposits  on 
these  windows  would  decrease  the  sensitivity  of  the  Rayotubes  and  result 
in  error,  with  total  radian*  energy  measurements  being  low  in  value. 

Therefore,  these  windows  were  inspected,  by  cleaning  with  lens  tissue, 
after  each  run  as  a  precautionary  measure. 

The  apparatus  used  for  calibration  of  the  Rayotube  and  potentio¬ 
meter  combination  is  shown  in  Figure  29.  The  black  body  target  was 
designed  in  accordance  with  Reference  39  to  insure  a  uniform  emissivity 
approaching  one.  The  target  was  enclosed  in  a  muffle  furnace,  controlled 
at  the  desired  temperatures,  which  were  measured  by  means  of  a  chrcmel- 
alumel  thermocouple  and  Brcwn  potentiometer.  The  Rayotube  was  focused 
cn  the  black  body  target  at  controlled  temperature  and  the  generated  emf 
was  recorded  by  the  Speedcmax  for  development  of  the  temperature- 
mi  Hi  voltage  calibration. 

Values  of  total  radiant  energy  corresponding  to  the  observed 
temperatures  were  calculated  from  the  Stefan-Boltzmann  Law,  using 

W  -  1.797  x  Kf8  T4 

2 

where  W  *=  radiant  energy  flux  per  unit  area,  Btu/ft  /hr 

T  *=  absolute  temperature  of  source  in  degrees  Kelvin 
and  1.797  x  10"°  ■=  Stefan-Boltsmann  constant,  Btu/ft2/degVhr. 

B.  TEST  HYDROCARBONS 

The  hydrocarbons  used  in  the  Microburner  for  studies  of  flame 
radiation  are  listed  in  Table  XVII  together  with  the  available  physical  and 
chemical  properties. 

The  hydrocarbons  were  selected  to  cover  a  wide  range  in  molecular 
structure  and  boiling  point,  as  well  as  significant  fuel  properties  such 
as  hyd.  ;£en  content,  heat  of  combustion,  Luminometer  Number,  and  ASTM  Smoke 
Point.  This  is  illustrated  in  Figures  30  and  31  where  Luminometer  Number 
and  hydrogen  content,  respectively,  are  plotted  against  boiling  point. 

Similar  plots  are  not  presented  for  heat  of  combustion  and 
Smoke  Point  because  the  former  correlates  reasonably  closely  with  hydrogen 
content  and  the  latter  with  Luminometer  Number  over  the  range  where  Smoke 
Point  is  applicable. 

C .  TEST  PROCEDURE 

Preliminary  experiments  were  made  to  choose  operating  conditions 
for  the  Microburner  tests  such  that  all  of  the  test  hydrocarbons  could  be 
burned  satisfactorily  over  a  wide  range  of  fuel-air  mixture  ratios.  This 
led  to  the  selection  of  an  inlet  air  temperature  of  500  F  with  a  cold  flew 
reference  velocity  of  26  ft/eec  (air  flow  of  0.0101  lb/sec). 
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FIGURE  30 

SPREAD  IN  LUM|NOMETER  NUMBER  OVER  BOILING 
RANGE  OF  HYDROCARBONS  USED  IN  MICROBURNER 
STUDIES  OF  FLAME  RADIATION 
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FIGURE  31 

SPREAD  IN  HYDROGEN  CONTENT  OVER  SOILING  RANGE 
OF  HYDROCARBONS  USED  IN  MICROBURNER  STUDIES 
OF  FLAME  RADIATION 
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Prior  to  m®A8ur“«nts  of  flame  radiation,  the  fuel  rotameter 
was  calibrated  with  each  hydrocarbon  to  develop  curves  of  rotameter 
reading  against  fuel  flow  in  lb/sec.  In  the  tests,  fuel  flow  was  varied 
so  that  the  supplied  fuel-air  mixture  ratio  ranged  from  a  maximum  of 
about  0.09  to  0.13,  depending  upon  the  fuel  flow  obtained  at  the  150  am 
limit  of  the  Brooks  rotameter  scale,  or  lower  if  dictated  by  fuel 
performance  chai acteristics ,  to  the  leanest  mixture  that  would  permit 
stable  burning.  The  limiting  lean  mixtures  varied  from  about  0.01  to 
0.04  fuel-air  mixture  ratio. 

Paraffin  fuels  exhibited  visually  blue  flames  under  these 
operating  conditions.  While  flames  of  aromatic  fuels  were  blue  at  their 
lean  limit,  they  were  already  brilliantly  luminous  at  stoichiometric. 
Figures  32,  33  end  34  partially  show  these  differences  although,  in  the 
absence  of  color,  the  marked  difference  between  isooctane  and  toluene 
at  the  lean  limit  and  toluene  at  stoichiometric  is  not  as  striking  as  it 
was  in  fact. 

In  the  preliminary  experiments,  it  was  found  that  greater 
repeatability  was  obtained  in  total  radiant  energy  values  when  measurements 
were  made  on  decreasing  fuel-air  mixture  ratios.  Subsequently,  with  the 
Ray o tube  and  Speedomax  recorder  in  operation,  burning  was  first  stabilised 
at  the  maximum  fuel  rotameter  setting.  The  rotameter  setting  was  then 
reduced  10  mm  and  the  burning  again  allowed  to  stabilise.  This  procedure 
was  continued  until  stable  burning  could  no  longer  be  obtained  and  the 
flame  blew  out. 

With  each  fuel  duplicate  runs  were  made  for  measurements  of 
total  radiant  energy,  both  transversely  and  axially.  The  reported  data 
are  based  on  the  averages  of  the  two  runs  which  were  made  consecutively 
and  which  were  usually  in  good  agreement. 

Fran  the  observed  experimental  data  expressed  in  terms  of 
rotameter  readings  and  millivoltage  recordings,  fuel-air  mixture  ratio, 
percentage  stoichiometric  and  corresponding  total  radiant  energies  for 
the  flames  were  calculated. 

D.  TEST  RESULTS 

Typical  plots  of  flame  radiation  as  a  function  of  percentage 
stoichiometric  fuel-air  mixture  ratio  are  shown  in  Figures  35  and  36. 
Comparison  of  these  two  figures  shows  that  axial  total  radiant  energy  is 
greater  than  transverse  total  radiant  energy,  because  of  the  greater  flame 
depth  viewed  by  the  Rayotube  installed  above  the  Microburner. 

It  was  also  observed  in  some  cases,  as  sham  for  the  aromatic 
hydrocarbon,  ben sene,  in  Figures  35  and  36  that  the  amount  of  transverse 
total  radiant  energy  leveled  off  at  a  maximum  while  the  axial  total 
radiant  energy  passed  through  a  maximum.  This  results  from  absorption 
of  radiant  energy  from  the  high  temperature  flame  by  the  cooler  combustion 
products.  At  rich  fuel-air  mixtures,  aromatic  hydrocarbons  generally 
produce  significant  amounts  of  soot,  which  approaches  a  black  body  in  its 
radiant  energy  absorption  characteristics.  Therefore,  the  more  soot  in 
the  cooler  combustion  products,  the  more  effectively  the  total  radiant 
energy  detector  is  soreened  from  the  flame  radiation. 
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FIGURE  32 

PHILLIPS  MICRO  BURNER  FLAME 

WITH  ISOOCTANE  AT  LEAN  LIMIT 


FIGURE  33 

PHILLIPS  MICROBURNER  FLAME 
WITH  TOLUENE  AT  LEAN  LIMIT 
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FIGURE  34 

PHILLIPS  MICROBURNER  FLAME 
WITH  TOLUENE  AT  STOICHIOMETRIC 
AIR  -  FUEL’ MIXTURE 


40,000 


z 


CM 

H 

k. 


* 


fc 


> 

O 

c 

u 

z 

w 


9 


i 

>- 

o 

t- 


kJ 

t/1 

c 


30,000 


20,000 


I  0,000 


AXIAL  TOTAL  RADIANT  INC  ROY,  *TIVPT2/M* 


78 


80  ,000 


70,000 


60,000 


80,000 


40,000 


30,000 


20,000 


10,000 


\ 

\ 

V- 

IZENE 

/ 

r 

D 

/ 

/ 

y 

fi  T1 

TRACYC 

LOOOOK 

CANE 

A 

r 

c 

YCLOHE 

i 

XENE 

^  " i 

1  A 

1 

✓ 

A 

NOR 

UAL  he: 

(ANE 

20  40  60  80  100  120  140  160 

MIXTURE  RATIO,  RER  CENT  6TOICMIOMETR  1C 


160 


2C0 


FIGURE  36 

EXAMPLES  OF  THE  CHANGE  IN  AXIAL  FLAME  RADIATION 
WITH  FUEL -AIR  MIXTURE  RATIO 
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Plots  similar  to  those  of  Figures  35  and  36,  but  on  a  more  open 
scale,  were  made  for  all  of  the  hydrocarbons  and  values  of  total  radiant 
energy  were  read  from  them  at  a  series  of  even  percentages  of  stoichiometric. 
These  smoothed  values  are  given  in  Tables  XVIII  and  XIX. 

E.  DISCUSSION 


1.  Effect  of  Hydrocarbon  Type 

The  curves  of  total  radiant  energy  plotted  against  percentage 
stoichiometric  for  the  normal-  and  iso-paraffins,  the  mono-  and  bi-cyclo¬ 
paraffins  and  the  straight  and  branch  chain  olefins  are  roughly  similar 
to  those  shown  in  Figures  35  and  36  for  normal  hexane.  The  curves  for 
the  aromatics  are  of  the  same  general  type  as  those  for  benzene. 

This  is  illustrated  in  Figure  37  for  transverse  measurements 
of  flame  radiation  In  this  figure  all  of  the  paraffins  and  all  of  the 
olefins  except  the  aromatic  olefin,  styrene,  fall  in  a  narrow  band  of 
total  radiant  energies  at  a  low  level  and  there  is  relatively  little 
change  in  level  with  change  in  fuel-air  mixture  ratio.  The  alkylbenzenes 
and  tetralin  (a  bicyclic  aromatic  with  one  saturated  and  one  unsaturated 
ring)  fall  at  a  higher  level  within  another  narrow  band  which  overlaps 
the  band  for  paraffins  and  olefins  at  low  percentages  stoichiometric  but 
which  lies  increasingly  above  the  latter  at  higher  percentages  stoichiometric. 
At  a  still  higher  level  lie  the  still  steeper  curves  for  benzene  and  the 
olefinic  aromatic,  styrene.  Above  these  are  the  curves  for  the  bicyclic 
aromatics  with  two  unsaturated  rings,  methylnaphthalsne  and  methylnaphthaleno 
concentrate. 

Somewhat  the  same  general  picture  is  shown  for  axial  measurements 
of  flame  radiation  in  Figure  38.  However,  here  the  lower  band  includes 
only  the  normal-  and  iso-paraffins,  the  mono-  and  bi-cycloparaffins,  and 
the  straight  and  branch  chain  olefins.  Separate  curves  are  shown  for  the 
two  cycloolefins,  cyclohexene  and  4-vinyl-cyclohexene-l,  and  for  the 
tetracycloparaf fin,  tetraeyclododecane ,  which  fall  intermediate  between 
the  lower  band  and  the  aromatics.  Also  there  is  a  considerably  broader 
band  for  the  alkylbenzenes  and  tetralin  and  much  less  differentiation 
between  those  aromatics  (ethylbenzene  and  toluene)  at  the  top  of  alkylbenzene 
band  and  benzene  and  etyreno  which  lie  at  the  bottom  of  the  top  band  of 
Figure  38.  Again  the  methylnaphthalene  flamee  exhibit  the  highest  total 
radiant  energies  with  those  from  the  pure  methylnaphthalene  being  appreciably 
greater  than  those  from  the  methylnaphthalene  concentrate. 

2.  Effect  of  Hydrocarbon  Properties 

Luminometer  Number  and  Smoke  Point  are  used  in  aviation  turbine 
fuel  specifications  for  control  of  burning  quality  and  hydrogen  content 
has  been  proposed  (21,  UO)  for  this  purpose.  A  fourth  property,  net  heat 
of  combustion,  correlates  reasonably  well  with  hydrogen  content.  Accordingly, 
it  is  of  interest  to  determine  the  extent  of  the  effect  of  variations  in 
these  properties  on  flame  radiation  in  the  Phillips  Microburner. 
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FIGURE  37 

EFFECT  OF  HYDROCARBON  TYPE  ON  TRANSVERSE 
FLAME  RADIATION  IN  PHILLIPS  MICROBURNER 
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FIGURE  38 

EFFECT  OF  HYDROCARBON  TYPE  ON  AXIAL  FLAME 
RAD*. AT  ON  IN  PHILLIPS  MICROBURNER 
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This  is  illustrated  for  stoichiometric  mixtures  in  Figures  39, 

40,  41,  and  42  representing  the  effect  of  hydrogen  content,  heat  of 
combustion,  Luminometer  Number,  and  Smoke  Point,  respectively.  Over  a 
wide  range  of  the  higher  values  of  each  fuel  property,  the  total  radiant 
energy  Is  nearly  constant  at  a  low  level.  In  this  range  all  of  the  noraal- 
and  iso-paraffins  and  most  of  the  cycloparaffins  and  olefins  are  included. 
After  the  upward  break  in  the  curves,  there  is  in  each  case  a  rapid  increase 
in  total  radiant  energy  with  decrease  in  hydrogen  content,  heat  of 
combustion,  Luminometer  Number,  and  Smoke  Point.  In  the  region  beyond  the 
break,  fall  all  of  the  aromatics  and  the  aromatic  olefin,  styrene.  For 
axial  flame  radiation  the  tetracycloparaffin,  tetracyclododecane,  and  the 
cycloolefin,  4-vinyl-cyclohexene-l  are  also  found  after  the  curves  break 
but  at  a  lower  level  than  the  aromatics.  The  other  cycloolefin,  cyclohexane, 
oxhibits  somewhat  high  axial  total  radiant  energy  relative  to  the  other 
hydrocarbons  having  about  the  same  heat  of  combustion,  Luminometer  Number 
and  Smoke  Point. 


The  curves  for  hydrogen  content  and  heat  of  combustion  differ 
from  those  for  Luminometer  Number  and  Smoke  Point  mainly  in  the  extent  of 
the  range  of  constancy  of  flame  radiation  and  in  the  steepness  after  the 
upward  break.  These  effects  are  summarized  in  Table  XX  where  the  magnitude 
of  the  region  of  constancy  is  expressed  for  comparability  as  percentage 
of  the  total  range  of  the  particular  property  as  well  as  in  values  of  the 
property.  Similarly  the  slopes  are  expressed  as  total  radiant  energy  per 
per  cent  of  the  range. 


TABLE  XX 


COMPARISON  OF  CURVES  OF  FUME  RADIATION 
13AINST  HYDROCARBON  PROPERTIES 


Hydrogen  Heat  of  -  Luminometer 

Content  Combustion  x  10~^  Number 


Smoke 

Point 


1.  Region  of  Cor.jtant  Radiant  Energy 
Approx.  Range  of  Property 
Axial  13.1-16.4 

Transverse  11.2-16.4 

%  of  Total  Ranve 
Axial  35 

Transverse  56 


18.2-19.2 

17.9-19.2 

40 

55 


47-226 

37-226 

75 

79 


2 

2.  Approx.  Slope  after  Break  in  Curve,  Btu/ft  /hr  per  %  of  Range 
Axial  1.0  1.0  2.5 

Transverse  0.5  0.5  1.1 


21.4  to  over  50 
10.9  to  over  50 

64* 

87a 


a  Based  on  a  maximum  Smoke  Point  of  50  although  some  of  the 
hydrocarbons  had  Smoke  Points  above  this  limit  of  the  method. 


The  region  of  constancy  is  narrower  and  the  slope  after  the  break 
is  lower  for  hyirogen  content  and  heat  of  combustion  than  for  Luminometer 
Number  and  Smoke  Point.  Therefore,  hydrogen  content  and  heat  of  combustion 
have  advantages  over  the  other  two  properties  for  correlation  purposes. 
However,  so  far  as  flame  radiation  under  the  conditions  in  the  Microbumer  is 
concerned,  increase  in  hydrogen  content  above  about  13  weight  per  cent. 
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FIGURE  39 

EFFECT  OF  HYDROGEN  CONTENT  ON  FLAME  RADIATION  OF 
STOICHIOMETRIC  MIXTURES  IN  THE  PHILLIPS  MICROBURNER 
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FIGURE  40 

EFFECT  OF  HEAT  OF  COMBUSTION  ON  FLAME  RADIATION  OF 
STOICHIOMETRIC  MIXTURES  IN  THE  PHILLIPS  MICROBURNER 
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FIGURE  41 

EFFECT  OF  LUMINOMETER  NUMBER  ON  FLAME  RADIATION' OF 
STOICHIOMETRIC  MIXTURES  IN  THE  PHILLIPS  MICROBURNER 
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FIGURE  42 

EFFECT  OF  A  STM  SMOKE  POINT  ON  FLAME  RADIATION  OF 

STOICHIOMETRIC  MIXTURES  IN  THE  PHILL  IPS  MICROBURNEP 
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In  heat  of  combustion  above  about  18,200  Btu/lb.,  in  Luminometer  Nxmrt>er 
above  about  40,  and  in  Smoke  Point  above  about  20  has  no  significant 
effect . 


The  above  discussion  of  the  relationships  between  fuel  properties 
and  flame  raciation  in  the  Microburner  has  been  confined  to  100  per  cent 
stoichiometric  mixtures.  At  other  percentages  of  stoichiometric,  the 
conclusions  are  generally  similar  because  there  is  a  reasonably  good 
correlation  between  flame  radiation  of  the  100  per  cent  stoichiometric 
mixtures  and  flame  radiation  at  other  percentages  stoichiometric.  As  has 
been  shown  in  Pigures  37  and  38,  the  magnitude  of  the  total  radiant  energy 
varies  with  mixture  ratio  and  the  spread  in  total  radiant  energies  among 
the  hydrocarbons  is  less  at  low  than  at  high  percentages  stoichiometric. 

In  Figures  43  and  44,  total  radiant  energy  of  stoichiometric 
mixtures  is  plotted  against  boiling  point  and  it  is  seen  that  volatility 
is  not  a  significant  factor  under  the  test  conditions.  Por  example, 
although  the  boiling  points  of  the  normal  paraffins  range  from  156  to  548  F, 
the  radiation  from  their  flames  was  nearly  the  same. 

3 .  Correlation  with  Full-Scalo  Combustors 

Although  no  flame  radiation  measurements  were  made  in  the  present 
series  of  tests  in  the  Phillips  2-inch  combustor  (29)  or  in  aircraft 
turbine  engine  combustors,  there  is  reported  information  (21,  26,  41,  and 
42)  which  permits  some  estimate  of  the  probable  degree  of  correlation 
of  the  Microburner  results  with  total  radiant  energies  in  these  combustors. 

Correlations  of  the  fuel  properties,  hydrogen  content  and 
Luainometer  Number  have  been  made  (21)  with  total  radiant  energy  in  the 
Phillips  2-inch  ccmbustor(4l)  and  in  the  J-57  combustor  (26).  Similar 
correlations  for  the  J-79  combustor  have  been  made  in  Reference  42. 

Pigures  45  and  46  indicate  these  relationshipe .  The  operating  conditions 
for  the  three  combustors  are  shown  in  Table  XII,  the  pressure  being 
approximately  5  atmospheres  in  each  case  and  the  inlet  air  temperatures 
varying  from  400  to  540  F. 

The  relationships  shown  in  Figures  45  and  46  are  markedly  different 
from  those  between  total  radiant  energy  in  the  Microburner  and  hydrogen 
content  and  Lumincmeter  Number  (Pigures  39  and  41). 

In  the  2-inch  combustor  and  the  J-57  and  J-79  combustors,  the 
measured  total  radiant  energy  is  a  straight  line  function  of  hydrogen 
cot. tent .  In  contrast,  in  the  Kicroburner  total  radiant  energy  was  essentially 
constant  for  hydrogen  contents  above  about  13  weight  per  cent  and  then 
increased  sharply  with  decrease  in  hydrogen  content. 

The  plots  of  total  radiant  energy  as  a  function  of  Lumincmeter 
Number  exhibit  curvature  in  all  four  combustion  systems.  However,  the 
curve  representing  the  Microbumer  is  quite  different  frcm  those  representing 
the  2-inch  combustor  and  the  J-57  and  J-79  combustors.  In  the  Microbumer, 
flame  radiation  was  nearly  constant  for  Luainometer  Numbers  above  40  and 
then  increased  rapidly  with  decrease  in  Luminometer  Number.  In  the  2- inch 
and  J-57  and  J-79  combustors,  the  increase  in  flame  radiation  with  decrease 
in  Luminometer  Number  is  more  gradual  over  the  entire  range. 
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FIGURE  44 

ILLUSTRATION  OF  THE  LACK  OF  EFFECT  OF  VOLATILITY  ON 
AXIAL  RAOIANT  ENERGY  OF  STOICHIOMETRIC 
MIXTURES  IN  THE  PHILLIPS  MICROBURNER 
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FIGURE  45 

CORRELATION  OF  HYDROGEN  CONTENT  WITH  FLAME  RADIATION 
IN  Tl-K  PHILLIPS  2  -  INCH  COMBUSTOR  AND  THE  J  -  57  AND  J  -  79 
COMBUSTORS  AT  5  ATMOSPHERES  PRESSURE 
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Reference  42  also  includes  data  on  flams  radiation  at  5  atmospheres 
and  *"  111181  air  t«“P'^ature  of  850  P  measured  in  the  J-79  combustor. 

At  this  temperature  level  the  radiation  w&a  greater  than  at  540  F  but  the  rela¬ 
tionships  with  hvdrogen  content  and  Luminometer  Number  were  of  the  general 

form. 


It  has  been  amply  demonstrated  that  increased  operating  pressure  favors 
the  formation  of  soot  in  flames  as  evidenced  by  the  heavier  smoke  occurring  during 
takeoff  of  turbino  powered  aircraft.  More  important ,  radiant  heating  by  soot  laden 
flames  of  high  emiasivity  during  such  operation  presents  a  critical  hot  section 
component  durability  limitation,  as  veil  as  specific  power  limitation.  However, 
recent  studies  by  NGTE  (23)  indicated  a  high  order  of  overall  pressure  dependence 
of  soot  forming  ructions  which  varies  with  hydrocarbon  structure.  Generally, 
aromatics  showed  a  low  pressure  dependence,  as  compared  to  naphthenes  and  paraffine. 
Thus,  flame  radiation  from  naphthene  and  paraffin  hydrocarbons  can  be  expected  to 
exhibit  a  relationship  to  aromatics  at  atmospheric  pressure  which  ie  quite  different 
from  that  encountered  by  aviation  turbine  fuels  under  severe  operating  conditions. 
Therefore,  it  is  concluded  that  the  study  of  aviation  turbine  fuel  burning  quality, 
as  it  relates  to  flame  radiation- in  aviation  turbine  engines,  should  not  be  conducted 
in  atmospheric  pressure  devices — such  as  the  Phillips  Microburner  or  the  ASTM-CRC 
Luminometer. 


TABLE  XXI 

CONDITIONS  OF  OPERATION  OF  THE  PHILLIPS  2-INCH 
COMBUSTOR  AND  THE  J-5V  AND  J-79  AIRCRAFT  TURBINE  ENGINE  COMBUSTORS 


Combustor 


Conditions  of  Operation 

Phillips  2-Incha 

J-571 

j=zr 

Pressure,  Atm. 

5.0 

4.7 

4.7 

Inlet  Air  Temperature,  F 

400 

540 

530 

Ref.  Velocity,  ft/sec 

100 

- 

93 

Mass  Air  Flow,  lb/sec 

0.5 

9.6 

7.5 

Heat  Input  Btu/lb  of  Air 

200 

195 

190 

250 

240 

240 

Position  of  Transverse  Flame 
Radiation  Measurements, 

285 

280 

Per  Cent  of  Burner  Length 

30 

18 

26 

65 

33 

40 

60 

48 

65 

(a)  Points  plotted  in  Figures  45  and  46  for  the  2-inch  combustor  represent  averages 
of  transverse  radiant  energy  measured  at  the  three  stations  and  under  the  two 
heat  input  rates. 

(b)  Points  plotted  in  Figures  45  and  46  for  the  J-57  combustor  represent  averages 
of  transverse  radiant  energy  measured  at  the  three  stations  and  under  the  three 
heat  input  rates. 

(c)  Points  plotted  in  Figures  45  and  46  for  the  J-79  combustor  represent 
averages  of  transverse  radiant  energy  measured  at  40  per  cent  of  the  burner 
length  and  under  the  three  heat  input  rates.  The  40  per  cent  position 
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rr",uSt^/becaU8ft  on®  fusl  (toluene)  showed  abnoraally  low  flume  radlatl or 
a'"  *6  per  cent  position  and  cne  value  was  net  specifically  evaluated 

at  the  65  per  cant  position. 


K.  CONCLUSIONS 


1.  The  Microburner  ,f  ul  not  differentiate  among  the  hydrocarbons 
having  (a)  hydrogen  eontf%nts  above  about  13.  weight  per  cent,  (b)  heats  of 
combustion  above  about  18,200  i'tu/lb .,  (c)  Lumlnometer  Kirab^vs  above 
about  40  and  (d)  ASTM  Smoke  Points  above  about  20  am.  Belvw  these  values, 
-•'.ore  was  a  rapid  increase  in  flame  radiation  with  decrease  in  each  of 
these  properties,  the  rate  of  increase  being  les*  with  decrease  in  hydrogen 
content  and  heat  of  combustion  than  with  decrease  in  Lumlnometer  Number 
and  Smoke  Point. 

2.  The  Microbumer  rated  the  hydrocarbons  in  the  following  general 
order  of  increasing  flame  radiation: 

(a)  The  ten  normal  paraffins,  the  eight  isoparaffins,  the  seven 
mono-  and  bi-cycloparaffins  and  the  four  straight  and  branch  chain  olefins. 

(b)  The  two  cycloolefins  (cyclohexene  and  4-vinyl-cyclohei  »ne-l) . 

(c)  The  one  tetracycloparaffin  (tetracyclododecane) . 

(d)  The  five  alkylbenzer.es  and  the  bicyclic  arcmatic  with  one 
saturated  and  one  unsaturated  ring  (tetralin). 

(e)  Benzene  and  the  olefinic  aromatic  (styrene). 

(f)  The  two  bicyclic  aromatics  with  both  rings  unsaturated 
( 1-mat hylnaphthalene  and  met hy lnaphtha lone  concentrate). 

3.  The  relationships  between  the  fuel  properties,  hydrogen  content, 

cr  Lumlnometer  Number,  and  total  radiant  energy  in  the  Phillips  Microburner 
are  different  freo  the  relationships  between  these  properties  and  total 
radiant  energy  in  tho  Phillips  2-inch  combustor  and  in  the  J-57  and  J-79 
combustors . 

4.  Since  the  ocot  forming  tendency  of  various  hydrocarbon  classes  do 
not  have  the  same  pressure  dependence,  the  effect  of  hydrocarbon  structure 
on  flame  radiation  should  be  studied  at  the  pressure  levels  of  interest 

in  realistic  combustors  rather  than  in  atmospheric  pressure  devices. 

fr .  RECOMMENDATIONS 


Further  studies  of  flame  radiation  as  related  to  hydrocarbon 
structure  should  be  made  using  the  Phillips  2-inch  combustor.  This  is 
based  upon  (a)  variations  shown  in  the  pressure  dependence  of  soot  forming 
reactions  with  hydrocarbon  structure  (38),  (b)  need  for  evaluation  at  high 
pressure,  10  to  15  atmospheres ,_where  the  contribution  by  flame  radiation 
cw  be  a  significant  factor  in  determining  the  operating  temperature  of 
hot  section  components  (43),  and  (c)  demonstrated  capability  of  the  Phillipe 
2 -inch  combustor  to  simulate  the  performance  characteristics  of  aircraft 
t  urbine  e  ng in e  combust oi'3  satisfactorily  for  research  studies  of  the 
burning  quality  of  aircraft  turbine  fuels  (27). 
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A  program  Tov  this  porposs  has  bson  proposed  (28)*  A  statistically 
designed  pro o odors  would  bs  ussd  to  study  flams  radiation  In  ths  2-inch 
combustor  opsratsd  at  10  and  15  atmospheres  pireesure  with  exhaua'  gas 
temperatures  of  1400,  1600,  1800  and  2000  P.  A  ssriss  of  20  hydrocarbons 
including  normal-,  iso-,  and  cyclo-paraf f ins ,  olefins  and  aromatics  would 
be  studied  and  these  fuels  would  be  supplemented  by  JP-5  blende,  arematio- 
free  and  containing  mono-  and  bi-cyciic  arcaatice. 

A  Barnes  Engineering  Company,  Model  R-8D2  Research  Radiometer 
would  be  used  to  improve  the  precision  of  flame  radiation  measursmmats . 

It  is  a  dual-channel  thermister  bolometer,  with  ths  incoming  radiation 
to  both  channels  chopped  and  continuously  compared  with  that  from  an 
internally  controlled  black  body.  One  channel  would  be  used  to  measure 
total  radiant  energy  and  the  other  to  measure  radiant  energy  at  the  4*4 
micron  CO 2  peak.  The  latter  was  shown  (43)  bo  have  an  emiessivity  of 
one  in  the  Phillips  2-inch  combustor.  Hence,  it  can  serve  as  a  direct 
measure  of  flame  temperature,  from  which  overall  flame  emiesivity  can  be 
calculated  by  comparison  with  the  total  radiant  energy  measurement. 

Flame  radiation  would  be  measured  from  a  transverse  position; 
i.e.  across  the  combustor.  The  effect  of  variations  in  flame  radiation 
on  the  temperature  of  exposed  metal  parts  would  be  measured  at  the  axial 
position;  i.e.  downstream  of  the  ccmbustor.  Metal  strips  mounted  in  the 
exhaust  gas  stream,  six  inches  downstream  of  the  ccmbustor.  would 
simulate  nozzle  guide  vanes  or  turbine  blades.  Their  temperature  would  oe 
measured  through  suitable  sighting  ports  by  use  of  a  weeds  and  Northrup 
optical  pyrometer. 
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